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Stratigraphic Evolution of the Shoalhaven-Illawarra Group Boundary, Southern 
Sydney Basin 
Abstract 
The Shoalhaven-Illawarra Group boundary of the Late Permian southern Sydney Basin is poorly exposed 
in the Wollongong region. Consequently, geochemical and facies variations across the boundary are 
poorly understood. The lack of information has produced a gap in the understanding of the transition 
between the marine sedimentary rocks of the Broughton Formation and the non-marine Pheasants Nest 
Formation. An understanding of this transition would give the context for the changes leading to the 
deposition of the economically important Illawarra Coal Measures. Application of geochemistry (XRF), 
petrography (XRD, microscopy) and statistical methods (ANOVA, principal component analysis, cluster 
analysis), have been used to describe the palaeoenvironmental changes of the sequence and produce an 
evolutionary model. 
The study demonstrates that the deposition of the Pheasants Nest Formation was a result of the 
development of an extensive barrier complex during the time of the Shoalhaven-Illawarra Group boundary. 
Rapid sedimentation, consistent aggradation and a gradual regression in the underlying Broughton 
Formation aided barrier formation. This was predominately controlled by the amount of volcaniclastic 
sediment supplied from a northeast orientated volcanic chain that was located in the current offshore. 
Petrographic, geochemical and sedimentological analyses indicate that volcanic influence was persistent 
throughout the entire Broughton and Pheasants Nest Formation, with sporadic pulses of sediment 
accounting for increased Si, Ca, Fe and K concentrations. These sporadic pulses represent increased 
periods of volcanic activity distributing sediment into a shallow marine basin. Longshore currents 
(northeast trending) transported the detritus into the Wollongong area where it was deposited. Following 
the marine regression, fluvial processes operated on a coastal plain, passing laterally into a floodplain 
environment. Sediment was probably transported by seasonal meltwater floods. 
Statistical analyses (principal components, cluster analysis) reduced an extensive elemental data set (n 
=162) into two main factors. The analyses reveal that the Broughton and Pheasants Nest Formations are 
strongly influenced by aluminosilicate and heavy mineral concentration. Heavy mineral concentrations are 
commonly used as a measure of sediment immaturity. In this case, the volcaniclastic detritus has 
undergone limited recycling and weathering. The depositional features of the Shoalhaven-Illawarra Group 
boundary are significant as it provides a coherent explanation for the deposition of the Pheasants Nest 
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The Shoalhaven-Illawarra Group boundary of the Late Permian southern Sydney Basin is 
poorly exposed in the Wollongong region. Consequently, geochemical and facies variations 
across the boundary are poorly understood. The lack of information has produced a gap in the 
understanding of the transition between the marine sedimentary rocks of the Broughton 
Formation and the non-marine Pheasants Nest Formation. An understanding of this transition 
would give the context for the changes leading to the deposition of the economically 
important Illawarra Coal Measures. Application of geochemistry (XRF), petrography (XRD, 
microscopy) and statistical methods (ANOVA, principal component analysis, cluster 
analysis), have been used to describe the palaeoenvironmental changes of the sequence and 
produce an evolutionary model. 
 
The study demonstrates that the deposition of the Pheasants Nest Formation was a result of 
the development of an extensive barrier complex during the time of the Shoalhaven-Illawarra 
Group boundary. Rapid sedimentation, consistent aggradation and a gradual regression in the 
underlying Broughton Formation aided barrier formation. This was predominately controlled 
by the amount of volcaniclastic sediment supplied from a northeast orientated volcanic chain 
that was located in the current offshore. Petrographic, geochemical and sedimentological 
analyses indicate that volcanic influence was persistent throughout the entire Broughton and 
Pheasants Nest Formation, with sporadic pulses of sediment accounting for increased Si, Ca, 
Fe and K concentrations. These sporadic pulses represent increased periods of volcanic 
activity distributing sediment into a shallow marine basin.  Longshore currents (northeast 
trending) transported the detritus into the Wollongong area where it was deposited. Following 
the marine regression, fluvial processes operated on a coastal plain, passing laterally into a 
floodplain environment. Sediment was probably transported by seasonal meltwater floods. 
 
Statistical analyses (principal components, cluster analysis) reduced an extensive elemental 
data set (n =162) into two main factors. The analyses reveal that the Broughton and Pheasants 
Nest Formations are strongly influenced by aluminosilicate and heavy mineral concentration. 
Heavy mineral concentrations are commonly used as a measure of sediment immaturity. In 
this case, the volcaniclastic detritus has undergone limited recycling and weathering. The 
depositional features of the Shoalhaven-Illawarra Group boundary are significant as it 
provides a coherent explanation for the deposition of the Pheasants Nest Formation; thus 
clarifying the palaeoenvironmental changes that led to coal formation in the Sydney Basin. 
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Chapter 1: Introduction 
1.1 Introduction 
 
Ancient coastal systems are characterised by complex sedimentary successions controlled by 
allocyclic and autocyclic processes. Evolutionary models that are developed from the field of 
sedimentology require extensive outcrops to define correctly the architecture of a coastal 
system. However, accurate analysis of a local area is possible if a number of 
palaeoenvironmental models have been previously proposed. Detailed analysis of a local 
sequence also permits the use of other methods to define accurately the primary controls on 
the sequence (i.e. geochemistry). In addition, spatial variation of chemical conditions can be 
established from a range of statistical procedures. This effectively determines the 
stratigraphic control on the geochemistry of identified lithofacies (Ward et al. 1995). By 
combining sedimentology and statistical geochemistry, the evolution of a coastal zone and its 
influence on chemical behaviour can be deduced. In this study, the evolution of the Late 
Permian Shoalhaven-Illawarra Group Boundary and its stratigraphic control on geochemistry 
is explored. This will bridge the gap in the understanding of the transition between the marine 
sedimentary rocks of the Broughton Formation and the coal-bearing, non-marine sedimentary 
rock of the overlying Pheasants Nest Formation. 
 
1.2 Research Aims 
 
Limited literature has been published regarding the effectiveness of statistical methods to 
differentiate volcaniclastic lithofacies. In addition, statistical geochemistry is rarely applied to 
ancient transitional systems that display distinct facies variations. The primary aim of this 
thesis is to construct a palaeoenvironmental model for the Shoalhaven-Illawarra Group 
boundary based on statistical geochemistry, sedimentology and mineralogy of the local 
Wollongong area. The aims are achieved by addressing the following objectives: 
 
1. To develop a palaeoenvironmental history of the transitional Shoalhaven-Illawarra 
Group boundary within the local Wollongong area. 
2. To determine the level of stratigraphic control on the geochemistry of the Broughton 
and Pheasants Nest Formation. 
3. To determine mineralogy, geochemical and facies variations through the University of 
Wollongong #1 borehole (BH UW1) and selected coastal outcrops. 
4. The applicability of statistical methods to geochemical facies analysis.  
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1.3 Location/Study Area 
 
The city of Wollongong (34˚ 25΄ 59΄S, 150˚ 52΄ 59΄ E) and adjacent areas are situated on a 
narrow coastal plain approximately 90 km south of Sydney. The area is bounded to the west 
by the Illawarra Escarpment and to the east by the Tasman Sea. The present study concerns 
the Late Permian sequences that are confined to the Shellharbour-Bellambi coastline and a 
related drillcore, BH UW1 (Figure 1.1). The sections are confined in the area between 





Figure 1.1: Regional extent of the examined coastal sections and location of BH UW1. 































1.4.1 Sample Collection – Facies Analysis 
 
All 90 samples of the upper Broughton and lower Pheasants Nest Formations were collected 
from the University of Wollongong #1 Borehole (BH UW1) and selected coastal outcrops. 
BH UW1 (40 samples) is stored at the W B Clarke Geoscience Centre at Londonderry, New 
South Wales. Because of its continuity and lack of weathering it is a key target for sampling 
and detailed logging. Representative lithologies, contacts, sedimentary structures, 
bioturbation and subsequent facies characteristics were described and photographed on site, 
with a suite of samples collected for geochemical and mineralogical analysis. A similar 
procedure was applied to the eight coastal sections inspected (50 samples). Facies labelling 
was based on a numerical system for BH UW1.  For outcrops samples, facies were labelled 
according to their primary characteristics. This was used to avoid confusion for similar facies 
that occurred in both areas. 
 
1.4.2 Standard Thin-Sections 
 
Nineteen standard thin-sections were prepared at the University of Wollongong. Sections 
were examined with a Leica DM2500 petrological microscope to identify and quantify 
primary mineral associations and textures. Hand specimen photographs were taken in the 
field using a Fujifilm FinePix S4000 digital camera to identify sample properties such as 
textural variations, bioturbation and fossil identification.  
 
1.4.3 Mineralogy (X-ray Diffraction) 
 
The mineralogy of 90 bulk samples collected from BH UW1 and the coastal outcrops was 
determined by X-ray diffraction (XRD) at the University of Wollongong. Samples were 
crushed into a homogenous, chalk like consistency in a chromium ring mill. Incident X-rays 
were then applied using a Philips 1150 PW Bragg-Brentano diffractometer using CuKα 
radiation. The diffraction patterns were analysed with TRACES 4 software and quantified 








Samples were analysed using two different X-ray fluorescence (XRF) analytical methods. 
The methods include: (1) Niton 3XLt GOLDD+ XRF (hand-held); (2) SPECTRO XEPOS 
(laboratory-based). The Niton 3XLt GOLDD+ XRF was used to trace geochemical changes 
upwards through BH UW1 and coastal outcrops. Conventional/laboratory XRF was used as a 
standard to assess the accuracy of the hand-held XRF and confirm the depositional setting of 
the Broughton and Pheasants Nest Formations. Detailed description of the operational 
settings of each device is provided below. Radiation safety training was required for usage of 
the hand-held XRF without “line of sight” supervision. 
 
1. Niton 3XL GOLDD+ XRF (hand-held) 
 
Two-hundred individual measurements were made using a Niton 3XLt GOLDD+ XRF 
device at approximately 5 m intervals down the entire length of the BH UW1 (300 m). 
Measurements were also taken on outcrop samples. The subsequent data was then used to 
establish elemental concentration vs. depth profiles for 34 elements, including major 
elements heavier than silica. Depth profiles could not be established for the outcrop localities 
due to large breaks into the sequences. A similar scanning approach was undertaken by 
Connolly (2011). The literature is very limited regarding the applications of hand-held XRF 
technology to sedimentary sequences. 
 
The Niton 3XLt GOLDD+ XRF device is a small energy-dispersive XRF spectrometer that 
allows rapid (~8 sec) detection of elemental concentrations (Connolly 2011; Figure 1.2).  
Incident X-rays penetrate approximately 3 mm depending on the porosity and density of the 
sedimentary rocks. Equipment accuracy is reliant on sample properties (e.g. porosity, grain 
size, contamination) and equipment limitations (e.g. 6 mm analytical window).  XRF 
accuracy is also influenced by the quality of reference standards used in calibration and the 
duration of the measurement, with the limit of precision given as √n, where n is the number 
of counts. For this particular experiment a 120 second measurement interval was used. A full 
120 second cycle allows detection of 44 elements. A systems check of the device was 
performed at the start of the analysis using the in-built “Systems Check” option. The device 
was standardised every 20 measurements using a SiO2 (99.995 %) standard. The accuracy of 
the SiO2 standard could be checked against a chart detailing the correct elemental values.  If 
the rims of the detection window were contaminated with dirt, a soft cloth was used to 
remove the dirt/dust without touching the detection window.  
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BH UW1 and outcrop samples needed to be washed and dried before measurements were 
taken. This was to avoid contamination from undesired particles from the relatively unclean 
borehole and outcrop samples. Handling of the samples was kept to a minimum. A 5 m 
interval was chosen as it minimises the analysis of large and redundant amounts of data, 
while still maintaining an appropriate interval to measure accurately geochemical changes. 
Where gaps occurred in the core section, no measurements were taken. Each measurement 











2. Laboratory XRF 
 
Thirty nine samples were analysed for trace element geochemistry using a benchtop 
SPECTRO XEPOS X-ray fluorescence spectrometer (XRF) at the University of Wollongong. 
Samples were initially crushed in a chromium steel ring mill. Pressed pellets were then 
prepared for trace element analysis by mixing 5 g of sample with a Polyvinyl Acetate (PVA) 
binder and pressing to ~2500 psi into an aluminium cup. The PVA was then evaporated off in 
a 64˚ oven for 24 hours. 
 
1.4.5 Statistical Analysis 
Niton 3XLt GOLDD+ XRF 
Niton XL2 GOLDD XRF 
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Major and trace element concentrations acquired from the hand-held XRF were evaluated 
using univariate and multivariate statistics. Statistical tests were carried out using IBM SPSS 
19 statistical software. Use of the software required the XRF data to be converted to an excel 
document.  Precision of the data is ± 10%, depending on sample properties (i.e. grain size, 
porosity). The theoretical aspects of the different statistical methods are explained in 
Appendix G. Univariate tests such as analysis of variance (ANOVA) or its non-parametric 
equivalent, the Kruskall-Wallis test was used to determine whether there were any significant 
differences in geochemistry between the lithofacies of the Broughton and Pheasants Nest 
Formations. Multivariate tests such as cluster analysis and principal component analysis were 
used to reduce the data into two or three groupings and identifying the main geochemical 
components of the sequence. Data transformation, standardisation and sample size for each 
test are described in Chapter 6. 
 
1.5 Shallow Marine Physiographic Divisions  
 
The terminology of the shoreline to shallow marine profile of Walker and Plint (1992) is used 






Figure 1.3: Shoreline to shallow marine profile displaying distinct bedding characteristics for 





Chapter 2: Regional Setting 
2.1 Geotectonic Setting 
 
The Sydney Basin is part of the larger, north-south elongate Sydney-Gunnedah-Bowen Basin. 
It is bounded to the northeast by the Hunter-Mooki Thrust System of the Palaeozoic- lower 
Mesozoic New England Orogen and its southern extension, the Currarong Orogen (Jones et 
al. 1984). In the southern and western Sydney Basin, the Early Permian sedimentary strata 
non-conformably and conformably overly highly deformed Ordovician-Devonian magmatic 
and meta-sedimentary rocks of the Lachlan Fold Belt (Tye et al. 1996). The New England 
Fold Belt represents a magmatic arc system, thus defining the Sydney Basin as a retroarc 
foreland basin. The Sydney Basin has an onshore area of about 37000 km
2
 and at minimum 
an additional 15000 km
2
 offshore area stopping at the continental slope to the east and 
southeast (Grybowski, 1992). 
 
The Permian Shoalhaven Group contains the majority of sediment in the southern Sydney 
Basin and formed on an extensive open continental shelf subjected to allocyclic processes 
(Bann & Jones 2001). This was primarily caused by a succeeding phase of passive thermal 
subsidence that was more stable than the northern Sydney Basin which developed a ‘trough-
like’ setting. Therefore, due to the low rate of subsidence and the basal sequences being 
situated closer to the stable western cratonic margin (distant from the Permo-Triassic Hunter 
Bowen contractional east), the southern Sydney Basin consists predominately of gentle 
easterly and northeasterly dipping (2-6˚) strata (Tye et al. 1996). 
 
The tectonic development of the Sydney-Gunnedah-Bowen Basin during the Late 
Carboniferous to Middle Triassic can be condensed into three separate tectonic phases (Tye 
et al. 1996). Each phase contributing significantly to the mode of transportation and 
deposition of the sediments. The three phases include: 
 
Phase 1: 290-268 Ma (Late Carboniferous-Early Permian) 
Initial rifting/extension producing north-trending grabens and half grabens. Volcanism 
occurred contemporaneously with rifting, but is absent from the southern Sydney Basin. 
 
 
Phase 2: 268-258 Ma (Early Permian-earliest Late Permian) 
Passive thermal subsidence/sag. Contemporaneously, a marine transgression in the southern 
Sydney Basin subsequently formed the Snapper Point Formation (Table 2.1). 
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Phase 3: 258-250 Ma (Late Permian-Early Triassic) 
Major transformation of sediment provenance resulting from flexural loading and 
compression. Associated flexural loading and compression led to the mature foreland basin 
and uplift of the Hunter-Bowen Orogeny. 
 
The correlations based on brachiopod zoning and zircon SHRIMP dating from the 
Queensland and Newcastle Coal Measures proposed that Gerringong volcanism is at 
minimum 253 Ma (Roberts et al. 1994; Figure 2.1a). This is supported by documented K-Ar 
minimum ages of 253-238 Ma for the Gerringong volcanics (Facer & Carr 1979). According 
to the aforementioned radiometric dates, the Late Permian Broughton and Pheasants Nest 
Formations were formed during the early compressional periods of phase three (Late 
Kazanian to Early Tatarian). 
 
The Broughton Formation marked the commencement of a major phase of shoshonitic 
volcanism caused by the development of a Late Permian volcanic chain likely to be a 
continuation of arc rocks in the offshore to the southeast New England Orogen (Jones et al. 
1984; Jones 1990). The aforementioned shoshonitic volcanism swamped the southeastern 
Sydney Basin, distinctively exposed along the 100 km coastal strip of New South Wales from 
the Nowra-Gerroa area to North Wollongong (Figure 2.2; Carr 1983). The latite members of 
the Broughton and Pheasants Nest Formations are an expression of arc magmatism 
established on the western margin of the Currarong Orogen (Figure 2.1b; Jones 1990). This 
forms part of the extensive Late Permian shoshonitic province of the southern Sydney Basin 







Figure 2.1: (a) Palaeogeography of the southern Sydney Basin during the time of upper 
Shoalhaven Group–lower Illawarra Coal Measure deposition (modified after Herbert 1980). 
(b) Stratigraphic relationship between the Berry Siltstone, Broughton Formation and 







2.2 Stratigraphic Setting 
 
The Early Permian (Sakmanan-Artinskian) southern Sydney Basin comprises the basal 
Talaterang and Shoalhaven Groups. The Talaternag Group conformably and non-
conformably overlies the highly deformed Ordovician-Devonian cratonic basement, the 
Lachlan Fold Belt (Tye et al. 1996). The Shoalhaven Group is gradationally overlain by the 
non-marine Pheasants Nest Formation, the lowest unit of the Illawarra Coal Measures. Thus, 
the Group-level stratigraphy of the southern Sydney Basin is defined as: Talaterang Group – 
Shoalhaven Group – Illawarra Coal Measures (Table 2.1). The Illawarra Coal Measures is 
sub-divided into the coal barren Cumberland Sub-Group and the upper economic coal bearing 
Sydney Sub-Group (Sobhan 1998). 
 
Since this study primarily concerns the Shoalhaven-Illawarra Group boundary and 
surrounding sedimentary rocks, only broad information for the Talaterang Group and lower 
Shoalhaven Group will be provided. 
 
2.2.1 Talaterang Stratigraphy 
The Talaterang Group consist of mud-rich alluvial sequences of the Clyde Coal Measures, the 
equivalent interbedded carbonaceous siltstone and fine-grained sandstone of the Pigeon 
House Siltstone and the fine- to medium-grained sandstones of the Wasp Head Formation 
(Tye et al. 1996). It should be noted that the only difference between the Clyde Coal 
Measures and the Pigeon House Siltstone is the abundance of coal in the former. The 
Talaterang Group was deposited during the initial rifting/extension phase of the Sydney Basin 
and occurs in north-south elongated rift basins. 
 
2.2.2 Lower Shoalhaven Group Stratigraphy 
The lower Shoalhaven Group is spatially complex in the western, southern and eastern 
sections of the southern Sydney Basin. Passive thermal subsidence/sag was followed by 
initial rifting of the Sydney Basin (Phase 1), resulting in marine sedimentation in the 
southeastern portions of the Sydney Basin (Tye et al. 1996). The Shoalhaven Group consists 
of the western high-energy alluvial braidplain deposits (Yadbro and Tallong Conglomerate), 
eastern fluvial, coastal and nearshore successions of the Snapper Point Formation and the 
southern coastal plain and protected embayment’s of the Yarrunga Coal Measures and 
Pebbley Beach Formation (Bann et al. 2004). The diverse environments of the lower 
Shoalhaven Group were subjected to a widespread transgression that led to the deposition of    
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Table 2.1 Permian stratigraphic units in the southern Sydney Basin, showing subdivisions of 


























the nearshore Snapper Point Formation and overlying offshore Wandrawandian Siltstone. 
The Wandrawandian overlies the Nowra Sandstone in the western parts of the southern 
Sydney Basin, where the Nowra Sandstone amalgamates with the Snapper Point Formation 
rendering discernment problematical (Tye et al. 1996). To the east, progradation of a 
downlapping wedge during a gradual regression led to the transition from shelf deposits to 




2.2.3 Upper Shoalhaven Group Stratigraphy 
Wasp Head Formation 
Pebbley Beach Formation 




Westley Park Sandstone 
Back Forest Tuff Bed 
Koo-Lee Tuff Member 
Coolangatta Latite Member 
Blow Hole Latite Member 
Kiama Sandstone Member 
Bumbo Latite Member 
Jamberoo Sandstone Member 
Saddleback Latite Member 
Dapto Latite Member 
Cambewarra Latite Member 
Five Islands Latite Member 
Calderwood Latite Member 
Minnamurra Latite Member 
































































































2.2.3.1 Berry Siltstone 
 
The Berry Siltstone gradationally overlies the Nowra Sandstone in a zone containing 
interbedded very fine to fine-grained sandstone and carbonaceous siltstone. The upper contact 
with the Broughton Formation is also gradational and contains a similar sandstone-siltstone 
interbedded zone. The Berry Siltstone is generally fossiliferous and contains extensive 
bioturbation, diffusely stratified structureless siltstone with minor feldspathic sandstone 
(Bowman 1974). Ichnology and sedimentology indicate lower offshore deposition (below 
storm wave base) following a major transgression. 
 
2.2.3.2 Broughton Formation 
 
The Broughton Formation is defined as the uppermost formation of the Shoalhaven Group 
that can be divided into six latite members, three sandstone members, one tuffaceous member 
and a laterally persistent tuffaceous bed in the Gerringong-Wollongong area. The relationship 
of the intercalated latite and sandstone units is complex and important for stratigraphic 
separation (Carr 1983). The igneous activity of the southern Sydney Basin is confined to a 
140 km long coastal belt, where the emplacement of the latites can be grouped into an 
informal association known as the ‘Gerringong Volcanics’ (Carr 1983). The formation of the 
‘Gerringong Volcanics’ was contemporaneous with late intrusive activity on the far south 
coast of NSW (Carr 1998). Petrological data of the igneous activity indicate either basaltic 
and/or andesitic compositions. Therefore, the shoshanitic association of the Late Permian 
igneous activity can be classified spatially and compositionally as the shoshanitic province of 
the southern Sydney Basin (Carr 1984). In the area of present study, the Broughton 
Formation contains nine distinct shoshanitic lava units that crop out in the Gerringong-
Wollongong region.  However, the unnamed interbedded sandstones of the upper Broughton 
Formation are the focus of this project. 
 
2.2.3.2a Lower Broughton Formation 
 
The lower Broughton Formation consists of fine- to coarse-grained feldspathic sandstones 
containing intensely bioturbated, massive to flat bedded intervals (Westley Park Sandstone). 
The Westley Park Sandstone conformably overlies the Berry Siltstone at Mount Coolangatta 
and crops out continually along the Gerringong-Kiama coastline. Within this region, a 
maximum thickness of 45 m has been recorded (Carr 1983). Indistinct bedding is prevalent, 
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except for localised cross-bedding and hummocky cross-stratification (Hitchen 1997). The 
unit has been extensively studied and described as a shallow marine volcarenite with minor 
siltstone and conglomerate (Raam 1968, 1969). 
 
Three recently identified stratigraphic units at Mount Coolangatta have led to the 
reconfiguration of member-level stratigraphy within the lower Broughton Formation (Bann & 
Jones 2001). The Back Forest Tuff Bed, Koo-Lee Member and the Coolangatta Latite 
Member form a complex succession of pyroclastic and sedimentary units indicative of 
proximal subaerial-subaqueous volcanism (Table 2.1). At Mount Coolangatta, a maximum 
thickness of 290 m has been recorded for the aforementioned units. 
 
The remaining components of the lower Broughton Formation include the interbedded Blow 
Hole Latite, Kiama Sandstone and Bumbo Latite Members. The Blow Hole Latite and Kiama 
Sandstone predominately crop out along a broad coastal belt from Mount Coolangatta to 
Kiama. The Blow Hole Latite crops out predominately in the western hills/mountains with a 
maximum thickness of 53 m at Jamberoo, the Kiama Sandstone along a narrow 22 km 
coastline from Kiama to Gerringong (Carr 1983). Based on faunal assemblages (Raam 1968), 
the conformably overlying Kiama Sandstone was also deposited in a shallow marine 
environment. The succeeding Bumbo Latite is well exposed in the Kiama area, where a 
maximum thickness of 150 m is recorded at Saddleback Mountain (Carr 1983).  
 
2.2.3.2b Upper Broughton Formation 
 
The upper Broughton Formation contains unnamed interbedded volcaniclastic sandstones and 
named latite members that crop out in the Shellharbour-Wollongong region. The Jamberoo 
Sandstone Member conformably overlies the Bumbo Latite Member. The unit predominately 
crops out in the Minnamurra-Jamberoo region, with a maximum thickness of 155 m 
developed at Jamberoo (Carr 1983). The sandstones are conspicuously light-grey to yellow-
red, well sorted and gradually coarsen upwards throughout the section.  Above the Jamberoo 
Sandstone Member, outcrops of the Saddleback, Dapto and Cambewarra Latite Members 
extend around the Illawarra escarpment and in the Port Kembla area (Dapto Latite; Carr 
1983).  The unnamed intervening sandstones generally display a tabular geometry within a 
broader sheet-like architecture containing biogenically homogenised sediment (Sobhan 
1998). Biological activity gradually decreases upwards. However, sporadic plant fragments, 
body fossils, dropstones and glendonites persist in the uppermost portions at Flagstaff Point. 
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2.2.4 Illawarra Coal Measures  
 
The Shoalhaven Group is conformably overlain by the non-marine deposits of the 
Cumberland Sub-Group, the lowest group of the Illawarra Coal Measures. Formation-level 
stratigraphy of the Cumberland Sub-Group is: Pheasants Nest Formation-Ernis Vale 
Formation. Since this study does not consider rocks younger than the Pheasants Nest 
Formation, information on the Ernis Vale Formation is not provided. 
 
2.2.4.1 Pheasants Nest Formation 
 
Sedimentary strata of the Pheasants Nest Formation consist of interbedded fine- to medium-
grained sandstone, carbonaceous siltstone and minor shale. Sedimentary rocks are 
interbedded with four latite members that thin towards the western parts of the basin where 
continuous subsurface sedimentary sequences can be studied. The western parts of the basin 
have comparably more quartz rich sandstones, conglomerate and fewer coal seams 
(Bamberry 1991; Sobhan 1998). The fluvio-deltaic Pheasants Nest Formation was subjected 
to intermittent phases of volcanic activity in the early stages of development. Hence, the Five 
Islands (subaqueous extrusion), Calderwood (extrusion), Minnamurra (subaerial extrusion) 
and Berkley (intrusion and extrusion) Latite Members occur at the base of the Pheasants Nest 
Formation (Carr 1983). Two thin coal bands identified in BH UW1 may be equivalent to the 
discontinuous Unanderra and Figtree Coal Members (Bunny 1972). 
 
2.3 Previous Research  
 
2.3.1 Early Research (< 1975) 
 
Early research on the geology of the Shoalhaven-Illawarra region was primarily focused on 
the identification and description of individual units at outcrop scale.  The Nowra-Kiama 
region was one of the first areas to be studied methodically and provided innovative insight 
into the regional stratigraphic arrangement (Card & Jaquet 1903; Sussmilch 1914). Harper 
(1915) provided the first significant volume of research for the Shoalhaven-Illawarra region, 
extending south to Ulladulla. This subsequently led to the intensive research undertaken in 
the 1950’s and 1960’s (David  & Browne 1950; McElroy 1950; Joplin et al. 1952; Raam, 




The early 1970’s saw a shift in direction of geological research towards the upper Shoalhaven 
Group and Illawarra Coal Measures (Bunny 1966, 1969, 1972; Bowman 1970, 1974).  Both 
authors examined the stratigraphic separation, arrangement and depositional history of the 
aforementioned groups. Magnetic and seismic surveying undertaken by Ringis et al. (1970) 
on the offshore Sydney Basin provided geotectonic information imperative for future 
research. The aforementioned works formed part of a general summary of the Illawarra 
region by Mayne et al. (1974). 
 
2.3.2 Broughton Formation 
 
From the research undertaken in the 1960’s and 1970’s (Rose 1966; Raam 1968, 1969; 
Bowman 1970, 1974), considerable research followed on the Gerringong Volcanics and 
interbedded sandstones of the Broughton Formation (Carr 1983, 1984, 1998, 1999; Bull & 
Cas 1989; Jones 1990; Barry 1997; Hitchen 1997; Sobhan 1998; Bann & Jones 2001; 
Campbell et al. 2001; Carr & Jones 2001). These works intensely covered the magma-
sediment interaction, petrogenesis, depositional architecture and evolution of the inherent 
members. Bull and Cas (1989), Hitchen (1997) and Bann and Jones (2001) discussed the 
relationship of sedimentology, ichnology and palaeoenvironment with Late Permian 
volcanism in the lower Broughton Formation. Carr (1999), Barry (1997) and Sobhan (1998) 
described the sedimentology, magma-sediment interaction and metamorphic controls on 
deposition of the upper Broughton Formation. Significant palaeoclimate research undertaken 
by Retallack (1999) further defined basin-wide parameters. Sobhan (1998) provided a 
comprehensive assessment of the Shoalhaven-Illawarra Groups, including the boundary 
between them. Structural characteristics of the Permian-Triassic sequences have also been 
examined (Memarian & Fergusson 2003). However, it may be noted here that no significant 
work has been undertaken on the Shoalhaven-Illawarra Group in the Wollongong area. 
 
2.3.3 Pheasants Nest Formation 
 
Limited research undertaken by Bunny (1969, 1972) and (Bowman 1970, 1974) was followed 
by generalised work on the Pheasants Nest Formation (Herbert 1980; Arditto 1991; Bamberry 
1991). Sobhan (1998) provided the only complete sedimentological assessment of the 
Pheasants Nest Formation. This is attributable to the considerable interest in the overlying 
economically viable coal deposits of the Sydney Sub-Group (Facer et al. 1980; Jones et al. 
1987; Herbert 1995). Arditto (1991) provided a detailed sequence stratigraphic analysis 
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(relative sea-level changes) of the southern coalfields of the Illawarra region. Bamberry 
(1991) provided at detailed description of the Illawarra Coal Measures. However, his work 
strongly focused on the Sydney Sub-group, with only minor discussion on the Cumberland 
Sub-group.  
 
2.4 Late Permian Volcanism 
 
Carr (1981, 1983, 1984, 1998, 1999) has detailed the extent, type and stratigraphic 
arrangement of Late Permian volcanism in the southern Sydney Basin, specifically on the 
Broughton Formation and Gerringong Volcanics. The Late Permian shoshonotic volcanism is 
spatially confined in the southern Sydney Basin, ceasing at the top of the Pheasants Nest 
Formation (Figure 2.2; Carr 1998). Carr (1983) provided a bibliography on the naming and 
arrangement of the Gerringong Volcanics units. The Gerringong Volcanics are ≥ 253-238 
Ma, based on K-Ar dating (Facer & Carr 1979; Carr & Facer 1980). Correlations of 
brachiopod zoning and zircon U-Pb SHRIMP dating from the Queensland and Newcastle 
Coal Measures proposed that the Gerringong volcanism is ≥ 253 Ma (Roberts et al. 1994). 
Based on fossil evidence, Veevers et al. (1994) and Veevers (2000) suggested a stratigraphic 










Figure 2.2: Distribution of the intrusive (orange) and extrusive (blue) members of the Late 
Permian shoshanitic province of the southern Sydney Basin (modified after Carr 1998).  












Chapter 3: University of Wollongong #1 Borehole (BH UW1) Lithofacies 
 
3.1    Introduction 
The University of Wollongong #1 Borehole (BH UW1) contains portions or the entire 
sedimentary successions of the Berry Siltstone, Broughton Formation and Pheasants Nest 
Formation. BH UW1 was drilled at the University of Wollongong (LG046904) in 1980 to a 
depth of 400 m (Bann 1999). The core was spudded in the Pheasants Nest Formation at an 
elevation of approximately 32 m and is located approximately 5-15 km north of the study 
area. The units between 230-170 m appear to be depositionally similar to the coastal sections 
measured in the Shellharbour-Flagstaff Point area. However, lateral equivalence between the 
two localities is difficult to determine due to the lack of siltstone interbeds that crop out along 
the coastline. 
 
The contact between the Berry Siltstone and Broughton Formation within BH UW1 is 
situated where the highly bioturbated, mottled fine- to coarse-grained siltstone displays 
limited- to non-existent interbedding with bioturbated massive sandstone, minor 
conglomerate and siltstone at approximately 270 m (Facies 6). The contact between the 
Pheasants Nest and Ernis Vale Formations is indistinguishable and has likely been removed 
by erosion. Descriptions of colour variation for the rocks and clasts are considered to be 
subjective and should not be taken as an accurate approach to depositional interpretation. 
This chapter details the distinguishable lithofacies recognised within BH UW1. Since BH 
UW1 contains similar facies types across the Berry Siltstone, Broughton and Pheasants Nest 
Formations, each single facies description and interpretation is classified into their respective 
formation. This scheme reduces repetition of information and allows for easier depositional 
interpretation.  A detailed photographic stratigraphic/facies log (50 pages) is given in 
Appendix A. It should be noted that Sobhan (1998) logged the last 110 m of BH UW1. The 
detailed log located in Appendix A focuses on the deposits between 300-0 m. 
Reinterpretation and description from 110 m onwards was undertaken along with the 
unlogged intervals from 300-110 m. 
 
The following facies are recognised within BH UW1. Since a number of individual facies are 
located in more than one formation, the following brackets identify the formation/s that 




1. Massive to Undefined Cross-Stratified Conglomerate (PNF). 
2. Massive to Undefined Cross-stratified Sandstone (PNF) 
3. Hummocky Cross-Stratified Sandstone (BF). 
4. Tuffaceous Sandstone (Massive) (PNF). 
5. Massive (Structureless) Sandstone (BF, PNF). 
6. Interbedded Bioturbated Massive Sandstone, Minor Conglomerate and Siltstone (BS, 
BF). 
7. Graded, Bioturbated Fine-Grained Sandstone and Minor Conglomerate (BF). 
8. Interbedded Diffusely Laminated Bioturbated, Graded Silty Sandstone and Massive 
Sandstone (BF). 
9. Laminated and/or Cross-laminated Fine-grained Bioturbated Sandstone (BF, PNF) 
10. Carbonaceous and Non-Carbonaceous Siltstone/Mudstone (PNF). 
























3.2    Facies 1: Massive to Undefined Cross-Stratified Conglomerate 
Description: Facies 1 predominately consist of coarse sands with minor granule and pebble 
sized clasts. Poor sorting and sub-angular to sub-rounded clasts are characteristic of Facies 1 
(Figure 3.1b). Clasts appear to be transported products of mafic volcanism. Beds are 
generally massive and matrix supported. However, within the coarser sets, cross-stratification 
is evident. The form and size of the cross-stratification is unclear due to the limited width of 
the borehole (Figure 3.1c). The thickness is highly variable between 10 cm and 300 cm. This 
facies has a sharp lower contact and occasionally grades upward to, or is gradationally 
interbedded with Facies 9 and 10. Internal contacts are predominately sharp with 
carbonaceous and non-carbonaceous bands sporadically distributed throughout the unit. 
Interpretation: Poorly-sorted, cross-stratified, coarse-grained pebble conglomerate and gravel 
suggest two-dimensional bedforms forming in energetic channel bars (Sobhan 1998). 
3.3    Facies 2: Massive to Undefined Cross-Stratified Sandstone 
Description: Moderately sorted, medium- to coarse-grained quartzofeldspathic sandstone. 
Indistinguishable styles of cross-strata are prevalent and may be either trough (Figure 3.1d) or 
planar stratified (Figure 3.1a). Facies 2 is generally interbedded with Facies 5 and 10 and 
contains predominately gradational upper and lower contacts. Bed thicknesses are 
approximately 40 cm, but can be up to 200 cm. However, set thicknesses range from 10-20 
cm (medium-scale cross-bedding). 
Interpretation: Two- or three-dimensional migrating bedforms deposited in a broad based 
coastal plain environment. Possible depositional settings include channel environments (bars, 
channel floor bedforms, etc.) and interchannel sheetfloods. 
3.4    Facies 3: Hummocky Cross-Stratified Sandstone (HCS) 
Description:  Small 20 cm thick fine-grained HCS sandstone beds are distributed in the upper 
parts of the BF and are bounded by thick bioturbated massive sandstone, conglomerate beds 
(Facies 6) and overlying planar laminated siltstone (Facies 8; Figure 3.6). Burrowing 
gradually becomes less frequent towards the top of the bed and eventually grades into 
monolithic sandstone. The distinction between HCS and SCS (swaley cross-stratification) 
based on limited borehole width and orientation of strata is unreliable. However the absence 
of bioturbation at depth interval 22 supports the interpretation of a HCS interval. 
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Fig. 3.1: (a) Facies 2; diffuse cross-stratified sandstone, with scarcely inclined fine-grained 
carbonaceous partings. Can be classified as undefined/massive sandstone. Depth from 10.85-
10.60 m. Pen is 10 cm. Dry sample. (b) Facies 1 unit displaying sharp basal contact with 
laminated carbonaceous siltstone or mudstone. Conglomerate bed is considered to be 
diffusely cross-stratified, but could be classified as massive; from depth interval 19.00-18.70 
m. Pen is 10 cm. Dry sample. (c) Attributes of Facies 1; shown as diffusely cross-stratified 
and/or massive conglomerate with associated cross-stratified, trough and massive sandstone 
(Facies 2). Note the sharp inclined or planar contact between beds. From depth interval 19-15 
m.  Each row is 1m. Young’s from bottom left to upper right. Dry sample. (d) Facies 2, 
trough cross-stratified sandstone; Depth from 36- 35.75 m. Scale in cm. Dry sample. 
 
Interpretation: The thin 20 cm fine-grained sandstone beds suggest limited reworking and 
amalgamation, indicating deposition by a single storm event.  Intense storm activity is 
geologically isolated and ephemeral, as opposed to the constantly active tidal currents that 
produce tractional sedimentary structures that are found in the lower BF (Bull & Cas 1989; 
Hitchen 1997). HCS is commonly produced by oscillatory wave motion on the upper 
shoreface in areas of weak tidal motion during large storm events (Walker & Plint 1992). 
3.4.1 Identification of HCS in Boreholes 
Two possible HCS deposits occur in the BF. The identification and description of HCS 
deposits in borehole sequences is particularly difficult and frequently unreliable. This is 
primarily due to the limited width of the boreholes that contain a minute portion of the actual 
sedimentary feature (i.e. large 3-4 m hummocks/swales; Lowry et al. 1986; Snedden & 
Nummedal 1991). The criteria of HCS classification in boreholes is based on the following 
discernible structures: 
(1) Low-angle lamination in boreholes has often been presumed to be typical of HCS 
intervals (Jaworowski & Sikorska 2006). 
(2)  Generally comprises sharp, erosively based, fine-grained, low angle bedded HCS 
sandstone (Wallace & Lavigne 2011).  
(3) Can consist of fine- to medium-grained, well sorted sandstone containing minimal silt 
layers and rare low-angle cross-beds (Mountain et al. 2010). 
(4) The distinct association with overlying planar laminated siltstone (Facies 8), 
bioturbated massive sandstone , conglomerate and siltstone (Facies 6) that is similar 
to the successions described by Dott and Bourgeois (1982). 
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(5) Diffuse micro-swales or wavy/curved laminae that gradually equalise upwards to sub-
parallel lamination. The upper contact may either be sharp or diffuse depending on 
overlying sediment (Sobhan 1998; Vakarelov et al. 2011). 
 
3.5    Facies 4: Tuffaceous Sandstone (Massive) 
Description: This facies consist of light grey fine- to medium-grained sandstone containing 
textural similarities to a fine-grained lithic tuff (Figure 3.2b). Bed thickness range from 15 cm 
to 50 cm and are commonly interbedded with dark carbonaceous material (Facies 10), 
unstratified conglomerate and coal (Facies 11). The beds display sharp upper and lower bed 
contacts. However, this is difficult to discern due to the degree of sandiness of the bed. 
Textural variations within the bed inhibit identification of bed boundaries and accurate facies 
classification (Figure 3.2c). 
Interpretation: Moderately well-sorted massive bedding indicates stream-flow during high 
discharge conditions. Therefore, a broad channelized environment may have existed and 
consisted of the migration or aggradation of two-dimensional dunes. The strong flow may 
have destroyed tractional structures which subsequently led to the appearance of a 
structureless unit. 
3.6   Facies 5: Massive (Structureless) Sandstone 
Broughton Formation (BF) 
Description: This facies is composed of light grey fine-grained feldspathic sandstone 
containing thin conglomerate lenses distributed sporadically throughout amalgamated sets 
(Figure 3.3a). Individual beds range from 1 to 2 m in thickness, but combined strata can 
extend to over 4 m thick. Sharp internal contacts are distinguishable in the upper portions of 
the facies, whereas the lower parts are hard to discern due to textural homogeneity. 
Moderately to well sorted beds slightly coarsen upwards and commonly consist of 
plagioclase, quartz, biotite and abundant rock fragments (Figure 3.3b). Rocks fragments are 
mafic to intermediate in composition but predominately consist of small (< 1 cm) 
sporadically distributed latite fragments. Facies 5 is commonly associated with interbedded 
bioturbated sandstone, conglomerate and siltstone (Facies 6) and predominately occurs in the 
lower-middle parts of the BF (Figure 3.3c). 
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Interpretation: Structureless sandstone is difficult to interpret due to the large range of genetic 
depositional possibilities and the lack of lateral profiling that is missing in a borehole. 
Mechanical possibilities for the occurrence of massive sandstone include: 
(1) Hydrodynamic factors (rapid deposition from sediment loaded flows; Sobhan 1998). 
(2) Intense bioturbation resulting in the obliteration of many primary sedimentary 
structures and the subsequent appearance of a massive unit. 
(3) Lack of lateral exposure and expression of internal structures in boreholes and at 
outcrop scale. 
 
The different sedimentary processes for each option reinforce how unreliable an 
interpretation may be. Classification of a precise depositional setting for Facies 5 in the BF is 
difficult to determine due its occurrence across a range of intervals. Therefore, dependence 
on facies associations, borehole depth and grain size is needed to infer an accurate 
environmental setting. Small (< 20 cm) massive sandstone beds may actually be condensed 
Facies 3 or 9 sets, but due to uniform grain size, appear to be massive. 
Deposits in the basal portions of the BF are commonly interbedded with dark coloured, fine-
grained siltstone displaying diagnostic Zoophycos overprinting (Facies 6). Abundant sub-
horizontal sprieten within the siltstone interbeds imply slow rates of deposition of suspended 
fine sediment in a low-energy offshore environment below storm wave base. Thus, relying on 
this key facies association, Facies 5 (BF) probably represents intermittent storm activity that 
obliterated evidence of bioturbation. 
Extension of storm activity into the middle and upper parts of the BF is evident in BH UW1 
and suggests that storm activity was widespread and covered a range of depositional 
gradients (offshore to upper shoreface). Negligible bioturbation, sporadic body fossils, sharp 
internal contacts and homogenous well-sorted feldspathic sandstone with discrete beds 
suggest frequent storm activity in a lower shoreface setting. 
Pheasants Nest Formation (PNF) 
Description: Massive sandstone within the PNF is composed of light yellow/grey medium-
grained quartzofeldspathic sandstone. The sandstone is classified as quartzofeldspathic based 
on visual interpretations (lack of mafic rock fragments, minor amount of feldspar, pale grey 
colour). Insignificant solitary carbonaceous mudstone and siltstone lenses (<10 cm) display 
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Figure 3.2: (a) Small HCS 10 cm bed at the bottom of the 2
nd
 row from the left. Note the 
sharp contact with the overlying diffusely laminated sandstone which eventually grades into 
monolithic medium-grained sand (Facies 5). Note the similarity with Figure 3.1c. Depth 
interval 146-140 m (BF). Each row is 1m. Dry Sample. (b)  Facies 4. Massive tuffaceous 
sandstone with diffuse planar lamination and carbonaceous wisps. Depth from 20.50- 20.20 
m (PNF). Pen is 10 cm. Wet sample. (c) Facies 4; shown as tuffaceous sandstone with 
subplanar non-carbonaceous laminae (upper half) and a thin coarse-grained band in the lower 
half. Depth from 32.36-32.25 m (PNF). Scale in cm. Dry sample.                                                                               
 





indistinguishable planar lamination and are sporadically distributed within large (~5 m) 
intervals of sandstone beds. Towards the top of the PNF, Facies 5 contains intervening 
coarse-grained sandstone and conglomerate beds that disrupt internal contacts (Facies 1). The 
degree of bioturbation is vertically variable and can be classified as a sub-facies (Sobhan 
1998). However, due to interpretation priorities, a general depositional environment can be 
determined based on the overriding lithological and structural characteristics. The 
bioturbation is predominately caused by oblique to vertical Scoyenia ichnofacies and other 
indistinguishable burrowing types. The cumulative thickness of this facies ranges from 2-4 m, 
but is generally 2 m. 
 
Interpretation: Fine-grained carbonaceous bands (< 10 cm) found within amalgamated 
massive terrestrial sandstone, sporadic coal lenses and the general association with Facies 9, 
10 and 11 suggest a wide-ranging interchannel environment. There are three possible options 
and the most likely option will be selected and described. 
(1) Interchannel sheetflood deposits 
(2) Interchannel levees/splays 
(3) Fluvial channel deposits 
 
(1) Interchannel Sheetflood Deposits 
Laminated fine-grained epiclastic sediment and massive tuffaceous sandstones are indicative 
of volcaniclastic deposits reworked by water during sheetflood events (Cas & Wright 1987). 
The majority of sediment is carried out in suspension (Umazano et al. 2008), and when flow 
velocity declines, rapid sedimentation follows. This controls the subsequent deposition of 
massive or planar/horizontal laminated deposits (Cas & Wright 1987). 
Therefore, interchannel sheetflood deposition is favoured for the majority of Facies 5 (PNF). 
However, the broad depositional niche of Facies 5 should be noted as specific interchannel 
interpretation is difficult and variable. 
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Figure 3.3: (a) Facies 5; shown as monolithic sandstone (second row from the left) bounded 
by bioturbated sandstone, minor conglomerate and siltstone lenses (following 4 rows). From 
depth interval 130-128 m. (BF).  Each row is 1 m. Dry sample. (b) Facies 5 unit displaying 
diffuse low-angle lamination set within a uniform fine- to medium-grained sandstone fabric. 
From depth interval 75.50-75.30 m (PNF). Scale in cm. Dry sample. (c) Calcareous massive 
sandstone (Facies 5) set within a fine-grained silty sandstone fabric. From depth interval 
236.20-236.00 m (BF). Scale in cm. Dry sample. 
    







3.7    Facies 6: Interbedded Bioturbated Massive Sandstone, Minor Conglomerate and 
Siltstone 
Upper Berry Siltstone (BS) - Broughton Formation (BF) 
Description: Facies 6 is the major sedimentary facies in BH UW1, particularly in the BF 
where up to 30 m can occur. It is largely situated in the lower-middle to middle parts of the 
BF, but there are minor occurrences at the top that link with Facies 5 and 7. The massive fine- 
to medium-grained feldspathic sandstone is intensely bioturbated with subordinate 
conglomerate and siltstone lenses. Siltstone bands are sporadically distributed and range from 
2-10 cm in thickness. Lenses are generally 5 cm and are characteristically dark grey to black. 
The dark carbonaceous laminae are occasionally interrupted by vertical and sub-vertical 
Zoophycos burrows (Figure 3.4a). Moderate- to poorly-sorted beds contain sharp internal 
contacts, but the majority of bed boundaries are difficult to discern due to pervasive 
bioturbation (Figure 3.4e). Textural changes across bed boundaries are commonly 
insignificant and difficult to discern. The trace fossil assemblage is characteristic of the 
Cruziana ichnofossils, although there is abundant overprinting by Zoophycos burrows in the 
basal parts of the BF (Figures 3.4b, g). Body fossils and clasts are either locally common or 
absent in different portions of the Broughton Formation. Body fossils such as bivalves and 
gastropods are sporadically distributed throughout the facies and accompanied by thin calcite 
veins (Figure 3.4f). Minor pyrite is preserved in the dark fine-grained siltstone. 
The difference between Facies 5 and Facies 6 is based on the degree of bioturbation, grain 
size, sorting and position in the borehole. Facies 5 (massive sandstone) differs from Facies 6 
by comprising negligible bioturbated, coarser grained, well sorted homogenous sandstone. 
This is considerably different to the highly mottled silty sandstone fabric that characterises 
Facies 6 (Figure 3.4c). The limited bioturbation recorded in Facies 5 causes inconsistency 
when defining the process that caused the structureless appearance. Therefore, three different 
possibilities were listed. 
Interpretation: A wide range of depositional environments can be determined from Facies 6. 
The facies depth, position and associations within the borehole give an indication of the 
likely depositional environment. The intense bioturbation and overprinting of Cruziana-type 
assemblages in the basal parts of the BF imply slow rates of deposition of suspended fine-
grained sediment in a low-energy offshore environment below storm wave base (Bann & 
Jones 2001). Predominate biogenic sub-horizontal sprieten, reflects reworking by Zoophycos  
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Figure 3.4: (a) Facies 6 with Zoophycos of Zoophycos ichnofabric. From depth 211.80- 
211.75 m (BF). Scale in cm. Dry sample. (b) Facies 6 displaying a highly disrupted mottled 
fabric with diffuse lamination in the bottom half of the sequence. The top half is bioturbated 
producing a ‘laminated-to-scrambled’ (or ‘lam-scram’) unit (Bromley 1996). Note the thin 
calcite vein on the far left hand side of the middle row. Discontinuous core section from 294-
293.70 m and 293- 292.70 m (BS). Scale in cm. Dry sample. (c) Facies 6 showing disrupted 
planar laminae by Helminthoida isp. (probably Phycosiphon) ichnofossils. Depth from 
144.79-144.67 m (BF). Scale in cm. Wet sample. (d) Distinct Rosselia ichnofossil set within 
a fine-grained silty sandstone fabric with intense bioturbation (Facies 6). Depth at 110.60 m 
(BF). Scale in cm. Dry sample. (e) Facies 6; shown as monolithic sandstone with sharp 
internal contacts with or without conglomerate or mudstone bands. Subvertical Skolithos 
verticalis are evident in central parts of the continuous core.  Possible Chondrites are located 
in the middle part of the second row from the left. Depth interval 88-85 m, each row is 1 m 
long and young’s from bottom left to upper right (BF). Dry sample. (f) Small segment of a 
bivalve. Depth from 181.09-181.05 m (BF). Scale in cm. Wet sample.  (g) Facies 6 showing 
monolithic bioturbated sandstone with large Skolithos verticalis ichnofossil. Depth at 156.30 
m (BF). Scale in cm. Dry sample.     
                                     
isp. This obliterated the primary bedding contacts and facies associations in the borehole 
thereby supporting a low-energy marine setting. The basal parts of the BF probably indicate a 
high degree of reduction (anoxia) and possibly reflect maximum relative sea level depths 
(Bann & Jones 2001). 
 
However, slight differences in lithology, thickness and colour in the lower-middle to middle 
parts of the BF suggest a different environmental setting. The coarser-grained sandstone, 
abundant conglomerate lenses, insignificant carbonaceous siltstone and sharp internal 
contacts suggests above storm wave base sedimentation (upper offshore to lower shoreface 
environment). The similarity between the amalgamated sets at 230-170 m and the coastal 
sections measured in the Shellharbour-Flagstaff Point area reinforce upper offshore 
sedimentation interrupted by frequent storm activity (Goldring et al. 1998; Qing Sun 1992). 
Facies 6 at this depth probably exhibits a high degree of oxidation which may indicate lower 
sea level depths or the aggradation of offshore sediments. 
 
The middle to upper parts of the BF probably indicates lower shoreface to tidal flats/lagoon, 
delta front or subsiding bay environmental setting (Sobhan 1998). This is based on the 
gradual regressive trend observed in BH UW1 and the distinct association with Facies 1 and 
9 in the uppermost BF (88-87 m). 
 




Description: Facies 7 consist of intensely bioturbated medium- to coarse-grained sandstone 
(generally medium-grained) situated in the uppermost BF. Individual beds contain 
structureless sandstone and/or coarser sand (terrestrial?) that steadily grade into fine-grained 
sand or silt. Intervening conglomerate lenses are massive, sporadically bioturbated and are 
often normally graded (Figure 3.5a). Isolated pebble beds are predominantly situated near the 
top half of the unit and often have a rhythmic association with the bioturbated sand (Figure 
3.5c). Rhythmic bedding is classified as being graded, as the overall sequence generally fine 
upwards. These beds are moderately to poorly sorted and contain sub-angular to sub-rounded 
lithic clasts. Lithic clasts appear to be predominately mafic, but felsic clasts are also present. 
Basal contacts are primarily diffuse to gradational, but sporadically show sharp features. The 
mottled fabric renders identification of bedding contacts and individual traces difficult. 
However, since the bioturbation is vertically variable, sporadic Ophiomorpha or 
Cylindrichnus burrows are distinguishable. Facies 7 is commonly associated with Facies 5, 6, 
8 and 9. More importantly, there are sporadically graded calcareous horizons that overprint 
an otherwise bioturbated sandstone assemblage. 
 
Interpretation: 
Sobhan (1998) provided 5 optional interpretations for graded sandstone sequences within the 
uppermost BF. Only three of the five alternative interpretations are considered relevant based 
on new and broader interpretation of BH UW1. They include:  
(1) Middle to upper shoreface/foreshore storm layers. 
(2) Delta front sands. 
(3) Crevasse splay in interdistributary bays. 
 
(1) Middle to upper shoreface/foreshore storm layers: 
Interbedded lenses of sand and gravel are indicative of high-energy lower foreshore or gravel 
beach deposits (Bourgeois & Leithold 1984; Hiroki & Terasaka 2005). Sediment is deposited 
under both waning storm, fair-weather and storm wave conditions causing offshore 
transportation of sand and stable deposition of gravel (Hiroki & Terasaka 2005). The 
upwards facies change from rhythmic bedding of massive sandstone and conglomerate to 
isolated conglomerate lenses in the uppermost portions is indicative of a  




                                                              
                                                                                 
 
Fig. 3.5: (a) Facies 7. Fining-upward coarse-grained horizons (interbedded). In the lower to middle parts of the sample the sandstone contains 
discontinuous/disrupted carbonaceous laminae. A sharp basal contact exists with underlying diffusely planar laminated carbonaceous siltstone 
(Facies 10). From depth interval 76.50-76.30 m.  Scale in mm. Dry sample. (b) Facies 7. Fining-upward calcareous horizon set within a fine- to 
medium-grained silty sandstone fabric. From Depth interval 236.30-236.10 m. Scale in cm. Dry Sample. (c) Facies 7. Interbedded fining-upward 
sequence consisting of sharp based sandstone mudstone, conglomerate beds containing sporadically distributed carbonaceous laminae (lower 
right hand side). Note the sharp internal contact within the larger sandstone beds (top left and right hand rows). Depth interval 88-85 m, each 
row is 1 m long and young’s from bottom left to upper right. Dry sample. 
1 m 
a b c 
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(2) Delta front sands: 
Graded, massive conglomerate/gravel deposits generally reflect fluctuating fluvial discharge 
from a river-dominated delta (Bhattacharya & Walker 1992). Rapid sedimentation limits 
sediment reworking and subsequent immature mineralogy (low quartz and high feldspar) 
transpires (Flores 1974). The general coarsening-upward nature of BH UW1 (shoaled up 
section?), low textural maturity and association with Facies 9 suggest delta front or outer 
platform deposition. 
(3) Crevasse splay in interdistributary bays: 
Interdistributary bay sedimentation is caused by an abrupt discrete incursion of sediment-
laden flood waters transferred to the bay through small crevasse channels cut in the levee 
crest (Allen 1965; Coleman 1969; Arndorfer 1973; Elliott 1974). The graded and/or massive 
sand and gravel beds may represent infilling of the bay via flood incursion. This is supported 
by the broader coarsening upward trend (levee progradation?) in BH UW1. 
3.9    Facies 8: Interbedded Diffusely Laminated Bioturbated, Graded Silty Sandstone, 
Massive Sandstone, Minor Conglomerate and Mudstone 
Description: In general, Facies 8 is finer grained than all other facies, varying between fine- 
to medium-grained feldspathic sandstone. Well defined laminated fine-grained sandstone is a 
minor feature. Moderate bioturbation commonly disrupts the planar laminae and micro-cross-
laminae (Figure 3.6a).  Carbonaceous laminae are disrupted by vertical burrowing 
(Diplocraterion), thus indicating that the siltstone interbeds were obliterated by bioturbation 
(Figure 3.6b). The bioturbated sandstone intervals are interbedded with planar laminated 
siltstone layers (~10 cm) consisting of carbonaceous laminae less than 0.3 cm (Figure 3.6c). 
The sandstone beds coarsen upwards and display sharp internal contacts with the siltstone 
intervals.  
Interpretation: Alternating fine-grained sandstone and mud laminae indicate post storm 
period sedimentation in a low-energy setting (Sobhan 1998). Sobhan (1998) proposed several 
different depositional scenarios for a similar facies in various boreholes containing the BF. 
However, when considering the position of Facies 8 in the borehole (~200 m), gradational 
boundaries and the associations with Facies 3 and 6, a large gravity flow in a low-energy 




            
                               













Figure 3.6: (a) Right row; Facies 8 showing planar to low-angle laminae with apparently dark 
carbonaceous material disrupting lamination. Contact with underlying massive sandstone 
appears to be sharp. Left row:  Abundant carbonaceous overprinting of a diffusely planar 
laminated interval with gravel lens located in the centre; an incomplete core section of a box 
of continuous core which young’s from bottom left to upper right from within depth interval 
145-144 m (BF). Scale in mm. Dry sample. (b) Facies 8. Diffuse, subplanar to low-angle 
laminae. Laminae thickness gradually decreases from bottom to top. Depth interval from 
104.10-104.00 m (BF). Scale in cm. Dry sample. (c) Alternating thickly bedded bioturbated 
sandstone, gravel, siltstones lenses (first 2 rows from the left) and diffusely laminated and/or 
laminated fine-grained sand (last 3 rows from the right). Note the small HCS 10 cm bed at the 
bottom of the 3
rd
 row from the left. Depth interval 104-98 m (BF). Each row is 1 m long. Dry 
sample.                        
 
                                           
 3.10    Facies 9: Laminated and/or Cross-laminated Bioturbated Fine-grained 
Sandstone  
 
Broughton Formation (BF) 
 
Description: Facies 9 consist of small-scale cross-laminated sets less than 5 cm thick with 
millimetre thick laminae (Figure 3.7c). Internal contacts are predominately sharp and the 
thickness of Facies 9 ranges from approximately 5 cm to 20 cm. Within the BF, Facies 9 is 
commonly interbedded with Facies 6 and to a lesser extent Facies 5. Intervening bioturbated 
medium-grained sandstone beds are normally graded (medium to fine-grained sand). Solitary 
cross-laminated beds are rare. Therefore, classification as a sub-facies is not recommended. 
This is primarily due to the abundant interbedding or association with Facies 6, which renders 
individual recognition of cross-laminated sets redundant. Internal contacts are commonly 
accompanied by Domichnia and Fugichnia ichnofacies. 
 
At 143 to 144 m a gradual transition is observable from Facies 6 to the sharp-based fine-
grained HCS sandstone beds, massive, medium- to coarse-grained sandstone to cross-
laminated sandstone. The final transition consists of the gradual change from Facies 9 into a 
layer of fine- to medium-grained sandstone which was subsequently bioturbated. The 
perturbation is predominately caused by sporadic Zoophycos and Cruziana ichnofacies. 
Internal contacts are disrupted, but are generally gradational. Another example of Facies 9 
transitions showing internal scoured contacts is described by Sobhan (1998) at the top of the 
BF (97-92 m depth). 
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Interpretation: Facies 9 is interpreted to have been formed by the migration of small-scale 
ripples, probably three-dimensional type. In contrast to Sobhan (1998), Facies 9 is most likely 
to be indicative of “annual storm layers” on the upper shoreface. This interpretation is based 
on the lower occurrence of Facies 9 in the BH UW1 (145-144 m). At this interval, Figure 3.7 
shows a sharp transition from a small (~10 cm) fine-grained HCS set to the sharp based 
diffusely cross-laminated fine- to medium-grained sandstone which is consistently 
interbedded with massive, bioturbated medium sandstone. The final transition consist of the 
gradual change from sparsely interbedded cross-laminated sandy siltstone and bioturbated 
sandstone into the continuing bioturbated massive sandstone, minor conglomerate and 
siltstone (Facies 6) .Therefore, identification of Facies 9 at a depth of 143 m and its vertical 
association with Facies 5 and 6 (offshore sequences) clearly indicates an offshore marine to 
shoreface setting. 
 
Pheasants Nest Formation (PNF) 
 
Description: Facies 9 (PNF) consist of diffusely laminated and cross-laminated very fine- to 
medium-grained sandstone, siltstone and mudstone (finer than BF counterpart; Figure 3.7a).  
Lamination is easily distinguishable due to the alternation of fine-grained carbonaceous 
mudstone and non-carbonaceous light coloured siltstone/sandstone lamination. Within the 
PNF, solitary cross-laminated beds are rare (Figure 3.7b). Thicknesses of these beds range 
from 10 to 20 cm. However, BH UW1 consists of a 16 m sequence. This sequence has 
gradational internal contacts, interbedded with subordinate structureless intervals 
approximately 20 cm thick. Moderate occurrences of sharp internal contacts are situated in 
the larger sequences indicating an amalgamation of facies units. Both sets of laminae are 
generally thin, with no preferential orientation of laminae. Laminae are predominately diffuse 
to indistinguishable. Diffuse low-angle micro cross-laminae sets are insignificant and often 
difficult to differentiate from the non-carbonaceous variety.  
 
The finer-grained carbonaceous laminae are also associated with dark grey to black 
carbonaceous mudstone/siltstone (Facies 10) displaying low-angle micro-cross lamination. 
Laminae are often very thin and difficult to discern. Thicknesses of these beds range from 5- 
20 cm, more commonly 10 cm (Figure 3.7d). Limited to absent bioturbation is characteristic 
of the carbonaceous variety, with rare indistinguishable burrows present. Vertical colour 
variation of Facies 9 can result in misinterpretation of the sequence. 
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Figure 3.7: (a) Right row: Facies 9 showing distinct cross-lamination with a fine-grained 
homogenous sandstone fabric. Left row: Sharp lower planar contact of cross-laminated 
sandstone with thin gravel lens containing minor carbonaceous matter; an incomplete core 
section of a box of continuous core which young’s from bottom left to upper right from 
within depth interval 85.60-84.60 m (PNF). Scale in mm. Dry sample. (PNF). (b) Planar to 
cross-laminated siltstone with distinct carbonaceous laminae, Palaeophycos ichnofossils and 
siderite staining. Depth interval 72-71.88 m. Scale in cm. Wet sample. (PNF). (c) Scrambled 
ichnofabric in the upper portion of the bed which slowly develops into well-defined cross-
laminae at the base. Depth from 91.74-01.62. Scale in cm. Dry sample. (PNF). (d)  
Incomplete core section displaying common facies association between cross-laminated fine-
grained sand/siltstone (Facies 9) (final row), carbonaceous matter (Facies 10) (3rd row from 
the right), interbedded laminated silty bioturbated sandstone and siltstone (Facies 6; first 2 
rows). Core section from 62-59 m. Ruler is 30 cm long. Wet sample. (PNF). 
 
However, subsequent use of a sub-facies is not recommended as variations of colour and 
carbonaceous material do not necessarily change environmental interpretation. 
Bioturbation is characterised by elliptical burrows (Scoyenia ichnofacies). Otherwise, 
indistinguishable interchannel burrows are sporadically distributed. It should be noted that the 
identification and suggestion of certain ichnofacies within BH UW1 is dubious due to the 
structureless intervals in the borehole. 
Interpretation: Facies 9 (PNF) covers a broad terrestrial setting. It is commonly related to 
low-energy interchannel sheetfloods, aggrading dunes in broad channels, or crevasse splays 
and soil deposits. The fine-grained laminated sediment indicates low-energy conditions 
(lower flow regime) with variable rates of suspended sediment reliant on flow strength. 
Carbonaceous cross-laminae indicate that flow velocity is low, but may fluctuate to produce 
discernible cross-lamination. This commonly reflects interchannel sheetfloods or crevasse 
splay deposits of variable scale. 
Coarser-grained sandstone layers commonly disrupt laminae and indicate a more energetic 
part of the sequence.  This reflects the shortage of suspended sediment within the flow and 
results in the deposition of coarser beds (i.e. no settling). Laminae may have been previously 
established, but increasing flow strength probably obliterated most of the evidence. These 
intervals are located in the upper parts of the PNF and clearly display characteristics of a 





3.11    Facies 10: Carbonaceous and Non-Carbonaceous Siltstone/Mudstone 
Description: Facies 10 predominately occurs in the upper parts of the PNF. Dark grey to 
black carbonaceous mudstone commonly occurs as thin (< 20 cm) bands. Beds are texturally 
very smooth, possibly causing misinterpretation and description of the bed as an oil shale or 
Facies 9 (Figure 3.8a). The beds are predominately structureless with minimal textural 
changes. Upper and lower bedding planes are predominately sharp (Figure 3.8b). Diffusely 
planar laminae are rare or indistinguishable. However, lower contacts are gradational with 
Facies 3 and 4. Individual beds are often amalgamated to form vertically stacked successions 
of up to 25 cm thick. Deposits are commonly bounded by texturally variable tuffaceous 
sandstones (Facies 4) and composed of scarce root traces, wood fragments and vertical to 
horizontal Skolithos ichnofacies (barely distinguishable). 
Interpretation: Low-energy conditions within an associated flood plain/flood basin setting. 
This is based on the vertical associations with Facies 1 and 11 that indicate a low-energy 
terrestrial environment. Diffusely planar laminae indicate weak flow or deposition of fine 
particles from suspension. Minor evidence of fossilised wood may represent incursion of 
flood waters that extended over the floodplain (Sobhan 1998). 
3.12    Facies 11: Coal 
Description: Thin lenses (~10 cm) of massive black banded coal or cross-stratified 
carbonaceous material (Figure 3.8d). The cumulative thickness of this facies is approximately 
20 cm and commonly occurs as isolated bands (Figure 3.8c). It is uncertain whether the 
Unanderra and Figtree Coal Members of the PNF belong to this facies. 
Interpretation: Reduce flow activity from interchannel areas limited clastic influx and formed 




                                          
 
                                                             
 
Figure 3.8: (a) Facies 10, carbonaceous variety with smooth texture and sharp lower and 
upper contacts with laminated fine-grained sandstone. Depth from 62.30-61 m (PNF). 
Divisions are in cm. Dry sample. (b) Thin carbonaceous band with smooth texture and sharp 
upper contact with bioturbated conglomerate. Small carbonaceous wisps are located within 
the conglomerate band. Depth from 85.50-85.40 m (PNF). Divisions are in cm. Dry sample. 
(c) Facies 11. Thin 5 cm coal band with sharp upper and lower contacts with bioturbated 
massive sandstone, conglomerate and minor siltstone. Depth at 29.72 m (PNF). Scale in cm. 
Wet sample. (d) Cross laminated and laminated carbonaceous material associated with 
overlying discrete coarse-grained granule sandstone in the PNF. Depth from 38.40-38.28 m 






3.13    Facies Associations 
3.13.1    Facies Association 1: Offshore- Shoreface Deposits 
Facies association 1(Fa1) within BH UW1 can be divided into four parts. They include: 
(1) Lower offshore (below storm wave base). 
(2) Upper offshore (above storm wave base). 
(3) Lower Shoreface. 
(4) Upper Shoreface. 
 
(1) Lower offshore (below storm wave base) 
 
Description: Fa1 (1) consists of moderately to well sorted, fine- to medium-grained 
bioturbated massive sandstone, conglomerate, siltstone (Facies 6) and/or structureless 
sandstone (Facies 5). This facies association is generally restricted to the lower to middle 
portions of the BF. The dark mottled beds are intensely bioturbated showing sub-vertical 
reworking by Zoophycos isp. Cruziana isp. are also prevalent within Fa1 (1), but is 
commonly indistinguishable along with other burrowing types (Figure 3.4b). Individual beds 
range in thickness from 1 to 2 m, but amalgamated units extend to thicknesses exceeding 15 
m. The ~100 m sequence of Fa1 (1) generally coarsens upwards and is composed of small 
matrix- to clast-supported conglomerate lenses. The sandstones are predominately feldspathic 
litharenites (Folk 1968), dominated by volcanic lithic fragments. The dominant grains include 
plagioclase, with minor quartz, biotite, potassium feldspar and chlorite. Volcanic fragments 
appear to be felsic, but latitic clasts are also a significant component (derived from proximal 
lava flows). Large granule sub-rounded clasts (possibly andesitic or dacitic), are similar to 
those found in the upper Berry Siltstone (Bann 1999). Several intervals contain sporadically 
distributed body fossils (brachiopods, gastropods; Figure 3.4f).  Beds show planar to 
gradational upper contacts with overlying conglomerate lenses.  
Interpretation: Dark-coloured fine- to medium-grained siltstone (upper Berry Siltstone to 
lower BF) with abundant Zoophycos overprinting and diagnostic Cruziana assemblages 





(2) Upper offshore (above storm wave base) 
 
Description: Pale grey to yellow medium-grained bioturbated sandstone, conglomerate, 
siltstone (Facies 6). Generally occurs in the middle-upper parts of the BF. Bioturbated sands 
predominately consist of Zoophycos, Cruziana and Skolithos ichnofossils (Figure 2.1g). 
However, indistinguishable burrows are prevalent. Individual beds can extend to over 5 m, 
but amalgamated beds extend over 20 m. The ~70 m sequence of Fa1 (2) generally coarsens 
upwards and is composed of small matrix- to clast-supported conglomerate lenses. Beds 
show planar to gradational upper contacts with overlying conglomerate lenses. Lower 
contacts are predominately sharp. The sandstones are predominately feldspathic litharenites 
(Folk 1968). However, sandstones occurrences in the upper portions of the BF appear to 
consist of higher quartz levels. Several intervals contain sporadically distributed bivalves 
accompanied by 1 m long calcite veins. 
Interpretation: Light coloured medium-grained sandstone containing abundant Zoophycos 
ichnofossils with lesser Cruziana and Skolithos occurrences is indicative of offshore 
deposition. Skolithos ichnofossils characteristically occur in high energy conditions where the 
substrate is shifted (i.e. intertidal, foreshore-shoreface environments; Nagendra et al. 2005). 
The appearance of sporadic Skolithos ichnofossils and minor interbedding with Facies 8 and 
9 indicates marginal upper offshore to lower shoreface deposition. 
(3) Lower Shoreface 
 
Description: Fine- to medium-grained feldspathic bioturbated sandstone, conglomerate, 
minor siltstone (Facies 6) bounded by either Facies 3 or 9 in the upper BF. Fa1 (3) contains 
Skolithos ichnofacies and other indistinguishable burrows (Figure 3.2a). Bioturbation is less 
intense than Facies 6 intervals in the lower BF. Individual beds range in thickness from 15 
cm to 200 cm and can extend to over 3 m (Facies 6). Beds show sharp based planar contacts 
with underlying coarse-grained lenses. Upper contacts are also predominately sharp. The 
sandstones are predominately feldspathic litharenites (Folk 1968), dominated by volcanic 
lithic fragments. Lithic fragments are small in this portion of BH UW1 and can’t be described 
in hand-specimen. 
Interpretation: The occurrence of Facies 3 and Facies 6 in the middle to upper portions of the 
BF, indicate frequent storm activity probably transpiring in a lower shoreface setting. A 
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lower shoreface setting is supported by the gradual regressive trend noted in BH UW1, 
particularly in the BF whereby dark mottled offshore sediments at ~300 m grade into lightly 
coloured, moderately bioturbated, coarser-grained shoreface sediments at ~87 m. The 
occurrence of Fa1 (3) at a depth of 143 m probably indicates a lower shoreface setting.  
(4) Upper Shoreface 
 
Description: Facies association Fa1 (4) includes fine-grained bioturbated moderately-sorted 
sandstone beds with subordinate conglomerate (Facies 6), graded, bioturbated sandstone and 
conglomerate (Facies 7) and diffusely laminated and/or cross-laminated bioturbated silty 
sandstone (Facies 9). Predominately occurs in the uppermost parts of the BF. Individual beds 
range in thickness from 0. 2 m to 1 m, but are generally 0.50 m. Beds show sharp low-angle 
planar lower contacts. Upper contacts are predominately diffuse with coarse-grained 
conglomerate lenses. Coarse-grained lenses are poorly sorted, unstratified and moderately 
bioturbated. Large Rosselia ichnofossils are found in the lenses and are up to 10 cm long 
(Figure 3.4d). This is accompanied by sporadically distributed Cruziana ichnofossils. Clasts 
are predominately sub-rounded and are andesitic and calcareous in composition. Small < 10 
cm calcareous horizons are also distributed with Fa1 (4) horizons. 
Interpretation: The pronounced difference between Fa1 (4) and other offshore-shoreface 
deposits represents a relatively rapid, energetic and probably localised event on the upper 
shoreface. Distinct storm sequences suggested by Facies 6 and 7 reflect ongoing frequent 
storm activity in the uppermost BF. Combine that notion with the “annual storm layer” 
interpretation for Facies 9 and one can conclude that a gradual regression occurring within 
the BF was suddenly affected by localised subsidence causing deposition of upper shoreface 
deposits as opposed to tidal influenced sediments. 
3.13.2    Facies Association 2: Fluvial Channel Deposits 
Description: Facies association 2 (Fa2) consist of a broad range of individual facies, each 
displaying distinct sedimentary features (Facies 2, 5, 9, 11). Fa2 occurs in the upper parts of 
the PNF and may be equivalent to the cross-stratified sequences located at Towradgi and 
Bellambi Point. However, as discussed earlier with the middle BF storm sequences, lateral 
connection is considered unreliable. The sedimentary bodies are irregularly interbedded and 
primarily composed of diffusely laminated and cross-laminated bioturbated silty sandstone 
(Facies 9), massive sandstone (Facies 5), trough to undefined cross-stratified sandstone 
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(Facies  2; Figure 3.1d) and minor coal lenses (Facies 11). The sandstones are predominately 
feldspathic litharenites and litharenites (Folk 1968), dominated by volcanic lithic fragments, 
plagioclase that is similar to the samples described by Umazano et al. (2008). The 
structureless beds are generally 2 m in thickness and the cross-stratified beds range from 70 
to 400 cm. Intervening fine-grained cross-laminated carbonaceous rocks contain 
indistinguishable burrows, mica fragments and are predominately sharp based. 
Interpretation: Fa2 is interpreted as aggrading three-dimensional channel bars or dunes within 
fluvial channels because of the presence of undefined (probably trough cross-bedded), 
inclined, fine- to medium-grained sandstone (Facies 2).  Massive sandstone beds (Facies 5), 
represent transportation of sediment during high discharge conditions that limited bed 
formation due to the lack of sediment redistribution (Smith & Lowe 1991; Umazano et al. 
2008). Laminated and diffusely cross-laminated, coal and fine-grained carbonaceous layers 
form a significant proportion of Fa2 and clearly indicates that stream discharge was 
extremely variable. The low-energy carbonaceous or non-carbonaceous deposits (Facies 10) 
imply deposition of suspended sediment via settling processes during intermittent cessations 
of bed load transport. 
3.13.3    Facies Association 3: Interchannel Crevasse Splays/Levee Deposits 
Description: Facies association 3 (Fa3) includes medium- to fine-grained massive 
(structureless) sandstone (Facies 5), fine-grained carbonaceous and non-carbonaceous rocks 
(Facies 10) and cross-stratified sandstone (Facies 1) with a very subtle fining-upward trend. 
This Facies association is only recognised in the lower to middle sections of the PNF (84-69 
m). The sandbodies commonly consist of sporadic coarse-grained lenses (~10 cm). The 
massive units are capped by either fine-grained silt/mud bands or a well-defined 
carbonaceous and non-carbonaceous bed containing Scoyenia burrows.  Carbonaceous 
laminae are commonly discontinuous and contain minor pyrite (Figure 3.7b). Amalgamated 
bioturbated sandstone beds show a maximum thickness of 6 m, but generally range from 2-3 
m. Beds show sharp-based planar basal contacts. The tops are predominately planar, but 
massive bearing deposits do display gradational attributes. 
Interpretation: Fa3 is generally finer than other facies associations and is strongly linked with 
overlying interchannel crevasse splats/levee deposits. Flow magnitude and other key 
characteristics produce diagnostic sedimentary structures of interchannel deposits. Massive 
sandstone (Facies 5) probably represents crevasse channels, or may be part of a broader levee 
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progradation. The occurrence of graded cross-stratified sandstone suggests the flow was not 
hyperconcentrated and that the channel may have reopened (Smith 1988, 1991). Facies 9 
represent low-energy conditions and tractions current that form diffuse lamination. This 
likely formed during waning-flow conditions. 
3.13.4    Facies Association 4: Interchannel Sheetflood Deposits 
Description: Facies association 4 (Fa4) is the dominant Facies association in the middle part 
of the PNF (69-49 m), although it is rarely present in the upper portions (33-24 m). It 
comprises diffusely laminated and cross-laminated bioturbated silty sandstone (Facies 9), 
minor coal (Facies 11) and tuffaceous sandstone (Facies 4). Tuffaceous sandstone occurs in 
the upper parts of the PNF, whereas massive volcanolithic sandstone occurs in the lower 
intervals. Beds show planar to slightly gradational bases. However, the tops are difficult to 
discern due to the poor quality of the borehole. Bed thicknesses range from 10 cm to 80 cm, 
generally about 35 cm. Several deposits of Fa4 are capped or interrupted by carbonaceous 
and non-carbonaceous siltstone/mudstone (Facies 10) or coal (Facies 11; Figure 3.8c). In 
some places, Fa4 exhibits an overall normal grading with clear plagioclase and calcareous 
clasts.  
Interpretation: Fa4 is indicative of a volcaniclastic deposit reworked by channel processes 
due to the occurrence of epiclastic sediment and poorly defined sedimentary structures. A 
substantial proportion (~80%) of Fa4 consists of diffusely laminated and cross-laminated 
bioturbated silty sandstone (Facies 9) that has resulted from overbank floods and has been 
distributed by burrowing organisms (Coleman et al. 1964; Elliot 1974). The majority of 
sediment is carried out in suspension (Umazano et al. 2008). When flow velocity declines, 
within channels rapid sedimentation follows, thereby controlling the subsequent deposition of 
massive (Facies 5) or planar/horizontal laminated deposits (Cas & Wright 1987). 
3.13.5    Facies Association 5: Bar Development 
Description: Facies association 5 (Fa5) includes medium- to coarse-grained conglomerate 
(Facies 1) and sandstone (Facies 2) showing undefined stratification (i.e. trough, planar, 
massive; Figure 3.1a). This Facies association is only recognised in the uppermost sections of 
the PNF (20-10 m). Small carbonaceous bands sporadically interrupt conglomerate 
successions and are approximately 5 cm thick. Conglomerate beds are probably planar cross-
stratified as opposed to trough cross-bedded (Figure 3.1b). Fine-grained sandstone intervals 
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display horizontal and cross-lamination. It is uncertain whether the sandstone beds are cross-
stratified. However, due to the strong association with Facies 1, it is likely these beds are 
cross-stratified but the poor preservation of the core associated with weathering has rendered 
identification impractical. 
Interpretation: Bar development is indicated by the coarse-grained gravel, conglomerate and 
sandstone deposits at the top of the PNF (Facies 1, 2). Indistinct cross-bedding indicates two- 
or three-dimensional migration of dunes that progressively formed channel bars (Sobhan 
1998). 
3.14 Trace Fossils 
Individual traces within BH UW1 are difficult to identify due to the textural and bioturbated 
homogeneity of the sediment. Discrete burrowing types primarily occur in Facies 6. 
However, there are minor burrows sporadically distributed in Facies 5, 7, 8 and 9.  Since this 
study is limited in regards to detailed ichnological concepts, generic descriptions and 
identification will be applied. For a similar ichnological study of the lower BF and Berry 
Siltstone (BH UW1; 300-400 m), see Bann (1999). 
Bioturbation is variable, diverse and persistent throughout the entirety of BH UW1. Distinct 
trace fossil species are scarce within BHUW1 and therefore subsequent palaeoenvironmental 
interpretation is considered dubious. However, general accumulation or clustering of species 
at selected intervals does offer some environmental significance. Trace fossils assemblages 
and equivalent ichnofacies identified with BH UW1 are:  
(1) Zoophycos isp. 
(2) Cruziana isp. 
(3) Skolithos isp. 
 
Specific details on individual traces within each facies will be discussed in proceeding 
paragraphs. The orders of which the ichnofacies are written correspond to their general 
position within BH UW1 (i.e. Zoophycos isp. primarily occurs in the basal to lower portion of 
BH UWI). Therefore, palaeoenvironmental evolution of the borehole can be determined and 
discussed in detail within Chapter 7. 
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The basal portions of the examined section of BH UW1 (~300 m) predominately consist of 
horizontal to sub-horizontal spreiten, which deters identification of individual ichnofossils. 
Three active processes form this feature and they include: 
(1) Lateral strip-mining by a deposit feeder (i.e. Zoophycos isp) (Seilacher 1967). 
(2) Stable movement in a vertical plane to compensate for sea-floor variability (Goldring 
1964). 
(3) Continual, passive, gravitational collapse of roof sediment that subsequently forms 
laminated floor sediment and relocates the burrow upwards over a recessed spreite 
(Frey & Seilacher 1980). 
 
The indistinguishable horizontal to sub-horizontal structures in the basal portions probably 
reflect the process described in option1, likely to be diagnostic of Zoophycos modification. 
Spreitin structures are commonly set within abundant fine-grained carbonaceous siltstone that 
can extend to over 3 m in length and contain sporadic calcite lenses. The homogeneity of the 
sequence gives a structureless and mottled appearance (caused by bioturbation) and therefore 
fits classification into Facies 6. Within the fine-grained carbonaceous sections of the 
borehole, associated Planolites and Muensteria accompany Zoophycos traces and indicate 
low-energy, circalittoral to bathyal water conditions deficient in oxygen (Pemberton et al. 
1992). The palaeoenvironmental conditions reflected Zoophycos behaviour, as lateral strip 
mining increased the active surface area of the animal with the sediment, subsequently 
leading to increased food-gathering activities (Bromley 1996). 
A considerable difference in ichnofabric is discovered as progression is made upwards 
through BH UW1. At approximately 250 m (lower-middle BF), the first Cruziana ichnofacies 
start to appear and indicate a distinct environmental change. Cruziana ichnofacies 
predominately occur in Facies 6, but are also associated with the finer-grained carbonaceous 
sections containing Zoophycos ichnofacies (also Facies 6). This indicates that the Cruziana 
assemblages were still deposited in a low-energy offshore setting, but slightly above storm 
wave base. 
Discrete vertical traces towards the upper parts of the BF contain diagnostic attributes of 
Skolithos ichnofacies.  Distinct traces such as Skolithos verticalis, Diplocraterion, 
Cylindrichnus and Ophiomorpha are commonly distributed within fine-to medium-grained 
structureless sandstone (Facies 6). However, vertical traces such as Skolithos verticalis and 
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Diplocraterion are sporadically distributed within Facies 3, 8 and 9. For example, Figure 2.1g 
displays a large Skolithos verticalis ichnofossils set within a monolithic bioturbated sandstone 
assemblage with minimal discrete burrows. These vertical traces were predominately found 
within coarser-grained sandstone intervals in the middle to upper BF. Skolithos ichnofacies 
are defined within a continental shelf /nearshore environment exhibiting moderate to 
relatively high-energy wave or current conditions capable of redistributing nutrients into 
these areas (Frey et al. 1990; Pemberton et al. 1992). 
It should be noted that a complete palaeoenvironmental interpretation taking into account 
facies relations, bioturbation and geochemistry is conducted in Chapter 7. Chapter 7 provides 
a complete depositional evolution of the BF and PNF s derived from BH UW1 (Chapter 3) 

























Chapter 4: Outcrop Lithofacies Description and Interpretation 
 
4.1 Introduction 
The volcaniclastic sequences of the upper Permian BF and PNF contain eight distinguishable 
facies at outcrop scale based on the degree of bioturbation, sedimentary structures, lateral 
variation and grain size. The facies include: (1) matrix- to clast-supported diamictite; (2) 
interbedded bioturbated sandstone, conglomerate and minor siltstone; (3) massive sandstone; 
(4) poorly sorted coarse-grained sandstone; (5) hummocky cross-stratified sandstone (HCS); 
(6) swaley cross-stratified sandstone (SCS); (7) medium-scale trough cross-stratified 
sandstone: (8) planar and low-angle cross-stratified sandstone. The outlined facies 
nomenclature stresses parameters which are diagnostic in each case (e.g. textural variations 
and hydrodynamically important structures). Using a procedure undertaken by Bull and Cas 
(1989), the 8 facies can be grouped into either tractional facies associations characterised by 
tractional sedimentary structures or rhythmically bedded sandstone, conglomerate and minor 
siltstone/mudstone assemblages.  Facies that occur in isolation but contain structures similar 
to the rhythmically bedded association will be discussed in the same division. Identification 
of intermediate volcanic ice rafted dropstones sporadically distributed from Shellharbour to 
Wollongong provides evidence for the existence of coastal sea ice and/or icebergs during the 
time of deposition (Bull & Cas 1989). However, the identification of HCS beds at Windang 
Island, Red Point, North Fishermans Beach and North Beach indicate that coastal sea ice was 
not extensive and was likely seasonal. 
4.2. Matrix- to Clast-Supported Massive Diamictite 
Broughton Formation (BF) 
 Description:  Diamictite is present in small isolated lenses varying in thickness from 5 cm up 
to 30 cm. Small lenses are sporadically distributed throughout all coastal sections. The 
diamictite is predominately polymictic and consist of poorly sorted sub-rounded clasts set in 
a fine-grained sand and silt matrix. The clasts are mostly of volcanic origin, consisting of 
latite rock fragments that are probably similar to the underlying Dapto Latite Member. Minor 
occurrences of dacite, andesite and feldspar clasts were also found within the thin lenses.  
Clasts are predominately sub-angular to sub-rounded. The geometry is partially restricted, but 
appears to have a tabular geometry. The uniform bedding of the diamictites probably 
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indicates three-dimensional sheet architecture. However, the variable thickness of the deposit 
suggests an incomplete or discontinuous architecture. The lower contact is predominately 
gradational with massive sandstone or interbedded conglomerate and sandstone. The upper 
contacts with massive sandstone are generally sharp. Lenses are continuous for 
approximately 10 m in each coastal exposure. Due to the fluctuating thicknesses and erosion, 
the unit is difficult to trace laterally across the extent of the outcrop (Figure 4.1b). The 
diamictites can be classified as boulder or pebbly. However, pebbly diamictite is more 
frequent then the sporadic boulder lenses. A 30 cm boulder diamictite crops out at Windang 
Island (Figure 4.1a), overlying low-angle planar cross-stratified sandstone. The upper and 
lower contacts are predominately sharp and indicate significant energy fluctuations. 
Interpretation: A diamictite contains particle sizes ranging from clay to boulder size and is 
differentiated from poorly sorted conglomerates by the presence of >10 % by volume of fine-
grained matrix (Eyles & Eyles 2000). Therefore, the facies may be interpreted as the product 
of a subaqueous debris flow generated from collapsed nearshore bars or the downsloping and 
resedimentation of a heterolithic volcaniclastic source area. This mechanism may explain the 
presence of poorly sorted coarse-grained deposits (Section 4.5), which were probably derived 
from an unstable subaqueous slope. Hypoconcentrated river derived meltwater floods could 
also account for diamictite deposition (Barry 1997). However, both theories are highly 
speculative as massive diamictites contain no definitive structures inherent from a specific 
process. 
Depositional settings range from above storm wave base to middle shoreface based on the 
predominant association with HCS at Shellharbour, to SCS at Stuart Park. Glaciogenic 
diamictites form glacial till, glaciomarine or glaciolacustrine sediments with dropstones 
(Brodzikowski & Van Loon 1991). Similar mineralogical compositions of clasts (and matrix) 
indicate a single /primary rock source, opposing glacial till interpretation. A glaciomarine 
setting is clearly indicated by the extensive occurrence of dropstones across the southern 
Sydney Basin.  However, the deposition of the dropstones is through ice-rafting. 
Transportation is indicated by the sub-rounded volcaniclastic clasts. Thus, the detritus was 
probably transported an undesignated distance by ice-rafting. Hypoconcentrated river-derived 
flows would be a likely transportation mechanism, explaining the rapid deposition and supply 





4.3 Interbedded Bioturbated Massive Sandstone, Minor Diamictite and Siltstone 
Broughton Formation (BF) 
Description: This facies comprises the bulk of the upper BF and is composed of laterally 
continuous tabular feldspathic sandstone beds (up to 1.5 m thick), with minor discontinuous 
conglomerate/gravel lenses and siltstone. Most of the beds display sharp basal contacts and 
gradational upper contacts. However, this is highly variable with lateral facies changes. The 
individual sandstone beds are moderately bioturbated and display remnant planar cross-
bedding and HCS when traced laterally or between the sporadically distributed bioturbation 
(clustered areas; Figures 4.2a, b, d). The remnant cross-beds contain minor sigmoidal foresets 
with mudstone divisions. Small-scale medium to coarse symmetrical wave ripples are also 
common, particularly at Flagstaff Point (Figures 4.1, 4.2e). The facies is predominately 
medium-grained but can vary in grain size from fine to coarse, with structureless sandstones 
containing subordinate gravel lenses. Palaeocurrent measurements were difficult to ascertain 
from remnant cross-beds, but a predominately northeast direction was determined. 
Discontinuous lensoidal conglomerate beds with variable thickness of less than 10 cm to 50 
cm are distributed throughout the entire upper BF sequence. The majority of the 
conglomerate interbeds display sharp planar bases and predominately gradational contacts 
with the overlying medium-grained feldspathic sandstone. The conglomerates contain sub-
angular to sub-rounded latite clasts. However, the sequences at Red Point and Flagstaff Point 
include chert fragments and possible felsic volcanic clasts. Clasts show no consistent size 
grading and range from 0.2 cm to ~10 cm within a fine-grained sandstone matrix. The larger 
clasts are predominately sub-angular and are predominately latite rock fragments. 
Interpretation: Several interpretations can be deduced from this facies due to the lithological 
variability of the exposed sequences. Continuous terrigenous gravel beds show variable 
thickness, but display a tabular geometry. The poorly sorted pebble to granule sized particles 
that are suspended in a mud matrix suggest diamictite deposition, possibly resulting from 
melting of periodic seasonal ice sheets. The thin gravel lenses show predominately 
gradational basal contacts with the underlying sandstone facies. This is largely due to in-situ 
disturbance of the diamictites above storm wave base, resulting in the formation of residual 
boulder lags (Barry 1997). However, diamictites are often interpreted mistakenly as 
predominately occurring in glacial environments. The diamicties are predominately massive 
and have been emplaced as poorly sorted debris flows above storm wave base (Eyles & Eyles 
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Figure 4.1: Photographs of diamictite and conglomerates (distal gravity flow?). (a) Detail of 
isolated diamictite at Windang Island, showing poorly sorted, 30 cm, diamictite containing 
sub-rounded latite clasts. Underlying sandstone displays remnant cross-bedding that is 
disrupted by Skolithos ichnofacies. (b) Close-up of the discontinuous geometry of diamictite 
at Stuart Park.  Consists of sporadically distributed felsic clasts set within a fine- to medium-
grained feldspathic sandstone. Note the distinct colour change between the facies in Figure 
4.1(a) and Figure 4.1(b). This is related to a shallower depositional setting (fair-weather wave 
base) for Figure 4.1(b) as opposed to a lower offshore setting displayed in Figure 4.1(a). Pen 
is 10 cm. (c) General viewof rhythmically bedded units showing interbedded bioturbated 
sandstone, minor conglomerate (upper-third of photograph) and minor siltstone partings. 
Note the planar and/or wavy laminated (carbonaceous) sandstone bed that gradationally 







1992). This interpretation is negated by the isolated dropstones sporadically distributed across 
the southern Sydney Basin and the well-established Late Permian periglacial 
palaeoenvironment of the BF (see Section 8.6). Rosselia ichnofossils indicate nearshore 
deposition, probably on the upper offshore to lower shoreface (Figure 4.2c). 
4.4 Massive (Structureless) Sandstone 
Broughton Formation (BF) 
Description: Distributed irregularly throughout the upper BF but contains a distinctively large 
10 m outcrop in the upper one-third of the vertical section at Windang Island. The exposure 
at Windang Island provides a broad vertical section of highly weathered feldspathic 
sandstone. Therefore, the close textural similarities with other structureless sandstone units 
within the study area allows for clear interpretations to be made for the smaller outcrops. The 
highly weathered nature of the sandstone beds greatly inhibits identification of primary 
sedimentary structures. The structureless sandstone is laterally variable and generally grades 
into diamictite or rhythmically bedded units that could possibly be HCS beds that have been 
highly weathered. The thickness of individual beds range from 20 to 150 cm thick, with 
minor coarse gravel lenses distributed sporadically throughout (Figure 4.2e). The lack of 
sedimentary structures is due to the intense bioturbation and weathering. The bioturbation is 
predominately caused by Cruziana ichnofacies and is oblique to vertical at outcrop scale. 
Interpretation:  Exists at six coastal sequences; each occurrence represents a different 
depositional setting in response to a gradual regression. Contains laterally variable shallow 
marine Cruziana ichnofacies in the lower coastal exposures (Barrack Point, Windang Island). 
The fine- to medium-grained feldspathic sandstones imply low to moderate energy conditions 
at these two localities, indicative of deposition below fair-weather wave base on the lower 
shoreface. The frequent association with rhythmically bedded units suggests intense storm 
activity. This is supported by the minimal lithological and grain size changes within the 
amalgamated bioturbated sandstone beds and the sparse remnants of traction structures. 
However, the lateral variability of the Cruziana assemblages and predominantly sharp basal 
contacts in the lower section of the upper BF may suggest episodic gravity induced turbidity 
flow or storm flows. This is supported by the occurrence of storm-triggered turbidity currents 
deposited in an offshore environment at Barrack Point (Barry 1997).
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Figure 4.2: Photographs of diamictite and massive sandstone (post-storm deposition). (a) 
Detail of bioturbated, massive silty sandstone at Barrack Point, containing distal 
representation of the Cruziana ichnofacies.  Asterosoma (As), Chondrites (Ch), Planolites (P) 
and Phycosiphon (Ph). (b) Close-up of mixed, diverse Skolithos–Cruziana ichnofacies in 
massive sandstone at Windang Island. Composed of Chondrites (Ch) Planolites (P) and 
Phycosiphon (Ph). Pen is 10 cm. (c) Close up of large discrete Skolithos verticalis ichnofossil 
set within a fine-grained sandy siltstone bed at Windang Island. Note the inclined 
discontinuous carbonaceous laminae. Pen is 10 cm. (d) General view of fine-grained 
sandstone (minor coarse-grained lens) sharply overlying planar cross-bedded sandstone at 
Windang Island. Note the distinct Cruziana ichnofossils. Pen is 10 cm. (e) Close-up of 
rhythmic alternation of planar laminated fine sandstone/siltstone (beneath scale bar at top of 
sequence), conglomerate and massive sandstone at Flagstaff Point, interpreted as crudely 
stratified diamictite. Vegetation for scale. 
The middle to upper parts of the BF exposed at Red Point, Flagstaff Point and Stuart Park 
indicate marginal marine/upper shoreface settings. This interpretation is supported by the 
remnant cross-beds, discontinuous mudstone lenses and moderate bioturbation. However, 
remnant cross-beds may represent tempestites deposited below storm wave base generated by 
the collapse of nearshore sand bars (Barry 1997). The frequent occurrence of SCS at Stuart 
Park also indicates intense storm activity deposited above storm wave base.  
Numerous interpretations can be deduced from the position of massive intervals throughout 
the coastal sequence. However, the transition from an offshore marine to fluvial-deltaic 
environment represented by the Shoalhaven-Illawarra Group boundary justifies the different 
interpretations. 
4.5 Poorly Sorted Coarse-Grained Sandstone  
Broughton Formation (BF) 
Description: This facies consist as thin discontinuous lenses (< 15 cm) of coarse grained 
sandstone that contains abundant volcaniclastic material. Basal bed boundaries are 
predominately diffuse. The sub-angular to sub-rounded volcanic clasts are predominately 
latitic and feldspathic (plagioclase) with minor chert fragments found at Red Point. 
Bioturbation and body fossils are rare. 
Interpretation: The poorly sorted pebbles to granule sized particles are suspended in a mud 
matrix which suggests diamictite deposition, possibly resulting from melting of periodic 
seasonal ice sheets. Storm erosion may account for the thin isolated discontinuous granule 




4.6 Hummocky Cross-Stratified Sandstone 
Broughton Formation (BF) 
Description: At the Red Point coastal section on the southeastern side of Fisherman’s Beach, 
Port Kembla, a 3.5 m occurrence of hummocky cross-stratified yellow to red medium-grained 
feldspathic sandstone crops out above the cross-bedded strata (Figure 4.3c). The beds are 
commonly amalgamated and have diffuse basal boundaries. Bioturbation is predominately 
scarce containing sporadically distributed Rosselia isp. and Palaeophycos tubularis. The HCS 
units often grade laterally into rhymically bedded units due to the lateral variability of 
ichnofacies and the high degree of weathering. 
Interpretation: General consensus has supported the notion of HCS forming during storm 
events. However, discrepancy still exists as to how they are specifically generated. Three 
possible methods include: 
(1) Purely oscillatory flow (Dott & Bourgeois 1982; Walker et al. 1983). 
(2) Unidirectional-dominated combined flow (Allen 1985; Greenwood & Sherman 1986; 
Swift & Nummedal 1987). 
(3) Oscillatory dominated combined flow (Allen 1993; Arnott & Southard 1990; Cheel & 
Leckie 1993; Duke 1985; Duke et al. 1991; Higgs 1990; Leckie & Krystinik 1989; 
Midtgaard 1996; Molgat & Arnott 2001). 
 
Dumas and Arnott (2006) solved this conjecture by finding that HCS is predominately 
created by actively aggrading and migrating hummock structures subjected to extensive 
periods (8-10 s) of  high oscillatory velocity (Uo >50 cm/s). However, unidirectional flows 
shift sediment offshore and into the area of deposition. Therefore, combined flow mechanics 
are plausible. Hence, HCS forms above (but close) to storm wave base where high 
aggradation rates preserve hummock bed forms. 
Intense storm activity is geologically isolated and ephemeral, as opposed to the constantly 
active tidal currents that produce diagnostic tractional sedimentary structures that are found in 
the lower BF (Bull & Cas 1989; Hitchen 1997). Therefore, the preservation of HCS is due to 
a lack of tidal action. Tidal action has a superior preservation potential and obliterates 
evidence of periodic storm activity (Dott & Bourgeois 1982; Bull & Cas 1989).  
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The preservation of HCS deposition over tractional sedimentary structures reflects possible 
shielding from tidal currents (north-oriented longshore currents), via physiographic barriers 
created by the emplacement of the Bumbo and Dapto Latite Members (Bull & Cas 1989; 
Barry 1997; Sobhan 1998). However, several factors need to be considered if this is a viable 
explanation. 
Similar limitations were encountered previously by (Bull & Cas 1989), such as the low 
regional dips and the two-dimensional coastal exposures that render geometrical 
interpretations difficult. However, Sobhan (1998) extensively investigated inland and 
borehole sequences of the upper BF and established a laterally persistent sheet-like geometry 
of the HCS beds. According to the above details, the sediment aggradation and accumulation 
likely originated from the removal of volcaniclastic sediment from the shoreface sands and 
subaqueous latites of the BF which were subsequently transported into deeper waters (Barry 
1997). 
4.7 Swaley Cross-Stratified Sandstone 
Broughton Formation (BF) 
Description: Bioturbated, massive, light grey to green, fine- to medium-grained feldspathic 
sandstone show preservation of large amalgamated swaley cross-stratified beds (Figure 4.3a). 
Individual swales display a wavelength of approximately 3 to 5 m but most bed boundaries 
are difficult to discern due to intense weathering of the exposures (Stuart Park, Figure 4.3c). 
Some cross-bedding is preserved. Low diversity trace fossil occurrences is represented by the 
large number of Rosselia isp. and minor occurrences of Cruziana isp. and Palaeophycos isp. 
Large (>10 cm) wood fragments and minor pyrite are sporadically distributed. Burrowing 
gradually becomes less frequent towards the top of the section and grades into structureless 
sandstone. 
Interpretation: Large swales occur concurrently with HCS facies and may be interpreted 
differently to the isolated occurrences of HCS beds. HCS-SCS are genetically linked whereby 
the depositional setting of SCS is probably intermediate anisotropy and bathymetry between 
anisotropic HCS and large-scale high-angle cross-stratification (Dumas & Arnott 2006). 
Thus, SCS is commonly located above HCS in a progradational shallow marine succession 
with substantial near bottom offshore unidirectional currents (Dumas & Arnott 2006). 
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Figure 4.3: Photographs of HCS and SCS? bedding features. (a) Detail of distinctively large 
swale (SCS?) set within a fine-grained feldspathic sandstone at Red Point. Large swale is 
probably part of the broader HCS sets that occur in the upper 2.5 m of the recorded section at 
Red Point. Ruler is 15 cm. (b) Generalised view of micro HCS units located at Red Point. 
The micro structures are part of the HCS units that occur at Red Point (upper half). Pen is 10 
cm. (c) General views of SCS showing swaley cross-stratified sandstones with incomplete or 
inadequate preservation of swale bedform (arrowed interval 20 cm). Capped by discontinuous 
conglomerate layer and set within a moderately bioturbated sandstone at Stuart Park. Low-







Discontinuous, thin, non-rippled, intermittent, planar mudstone/siltstone indicates deposition 
from suspension during post-storm periods. Spheroidal weathering renders identification of 
SCS difficult and often leads to misinterpretation (i.e. massive sandstone?). However, 
mudstone/siltstone divisions and approximately 2-3 m SCS sets suggest amalgamation is 
common (Barry 1997). The mudstone/siltstone lenses are generally less than 2 cm thick and 
signify the contact between SCS sets. 
The SCS sequences represent rapid sediment transport and deposition of homogenous 
feldspathic sandstone impeding aggradation rates and subsequent formation of SCS. SCS 
formed on a wave-dominated upper shoreface/foreshore environment with frequent storm 
activity. 
4.8 Terrestrial Medium-Scale Trough Cross-Stratified Sandstone 
Pheasants Nest Formation (PNF) 
Description: Single 30 cm sets or cosets of tabular cross-stratified sandstone predominately 
occur at Bellambi Point. Grain size, on average, is coarser than massive sandstone (section 
4.4), ranging from medium to coarse and sorting is slightly better. The set thickness ranges 
from 10 cm to 200 cm, mostly 30-40 cm (Figures 4.4a, b). Cosets can be more than 2 m thick. 
Sets can be traced for several metres along dip before they are truncated by overlying 
thickening sets. Therefore, the larger sets may contain 2 or 3 smaller sets. Individual foreset 
beds are a few millimetres to approximately 10 cm thick. Dips vary between 10-30˚ and are 
generally 20-25˚. They are oriented towards the north-northeast.  
Interpretation: Medium- to coarse-grained, trough cross-bedded sandstone assemblages have 
been previously interpreted as braided fluvial deposits based on the occurrence of minor 
amounts of mudstone/siltstone, poor arrangement of constituent lithofacies and the 
abundance of erosional surfaces (Gibling & Rust 1984). Diagnostic linguoid, lateral and/or 
longitudinal bars form as a result of accumulative processes in braided systems (Khalifa & 
Catuneanu 2008). 
Thus, the medium-scale trough cross-bedded sequences that crop out at Towradgi and 
Bellambi Point represent the deposition of migrating three- dimensional dunes, channel bars  
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Figure 4.4: (a) Medium-scale trough cross-bedded medium-grained sandstone showing a 
predominant palaeocurrent direction of 047˚at Bellambi Point. Note the sharp basal contact 
(tangential) with underlying trough-bedded medium- to coarse-grained sandstone. (b) 
Medium-scale, trough cross-bedded, medium-grained sandstone showing a 
predominant/mean palaeocurrent direction of 067˚ at Towradgi Point. (c) General view of the 
geometry of remanet or poorly preserved planar cross-bedded sandstone at Windang Island. 
Note the two successive cross-bedded sets (~30 cm) that are difficult to separate (gradational 
contact) and display a mean palaeocurrent direction of 050˚ (D) Detailed photograph of 
foreset geometry, particularly at Windang Island where minor sigmoidal foresets sporadically 
occur. (e) Remnant low-angle foreset that is difficult to discern due to textural homogeneity 
and bioturbation of the sedimentary units at Windang Island (predominately fine- to medium-
grained feldspathic sandstone). Although this unit is classified as low-angle planar cross-
bedded sandstone, it can be described as massive sandstone containing remnant cross-beds. 
and possibly channel fills. The minimal scattering of palaeocurrent data and the absence of 
levee facies are indicative of a braided system (Umanzo et al. 2008). Minor siltstone partings, 
carbonaceous matter, fossilised wood fragments and logs are indicative of a low-energy 
environment (interchannel setting similar to the upper parts of BH UW1). However, since 
fossilised wood fragments and logs are deposited within the middle to upper bed sets of the 
vertical section at Bellambi Point, fluvial discharge must have fluctuated intermittently.  The 
large gap between the coastal sections from Stuart Park to Towradgi Point clearly represents 
the junction (contact) between marine and fluvial deposits based on the transition from 
amalgamated cross-stratified sandstones of the upper BF to trough cross-stratified sandstones 
of the PNF. 
4.9 Medium-Scale, Planar Low-Angle Cross-Stratified Sandstone 
Broughton Formation (BF) 
Description: This facies occurs as diffusely cross-stratified feldspathic sandstone. It 
comprises a minute fraction of the upper BF and crops out at Barrack Point, Windang Island 
and Red Point, Port Kembla. Sandstone beds predominately encompass medium-scale planar 
cross-bedding or low-angle cross-stratified sets. Beds are generally fine- to medium-grained 
sand, with low-angle sets commonly finer. Set thicknesses range between 0.2 and 0.7 m, but 
are commonly ~0.5 m (Figures 4.4c, d). Individual foreset laminae are difficult to discern due 
to the predominately homogenous medium-grained sandstone. However, dark (possible 
carbonaceous) foresets of approximately 0.5 to 2 cm were established. Generally, the cross-
strata dip to the northeast (~65˚) at a gradient between 20 to 30˚. Upper bounding surfaces are 
commonly gradational. This is dependent on the overlying unit, as overlying diamictite units 
display predominately sharp contacts as opposed to sandstone facies. Lower contacts are also 
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gradational, with minor occurrences of sharp sandstone set boundaries. Sandstone beds are 
often continuous over distances of more than 10 m, but the overall three-dimensional 
geometry is restricted due to the two-dimensional nature of the coastal outcrops. However, 
regional facies analysis and two-dimensional evidence lead to the notion of a tabular sheet-
like geometry. Depending on the starting point, individual beds can be classified as massive 
sandstone, HCS or possibly rhymically bedded units. This is due to the lateral variability 
caused by either a combination of sporadic bioturbation, hydraulic factors, weathering or 
poorly defined foreset laminae. Fossils are relatively rare, but brachiopods and bivalves have 
been observed. Bioturbation is clearly visible and predominately consist of Cruziana 
ichnofacies and to a lesser extent Skolithos. Large vertical (0.5 -2 cm) Rosselia trace fossils 
are sporadically distributed and in some places can be more than 10 cm long. 
 
Interpretation: Barry (1997) proposed that the cross-bedded facies of the upper BF represents 
lower offshore tempestite flows. This assertion is probably correct, however, since cross-
bedding is poorly identified and a minor occurrence the interpretation is clearly dubious.  
Therefore, the key to identifying the depositional processes, setting and architecture of this 
facies is based on the degree, type and variability of bioturbation and facies relationships.  
The low-diversity of bioturbation (i.e. monospecific suites of Skolithos ichnofacies) 
corresponds to post-event opportunistic colonisation, characteristic of both tempestite and 
sediment gravity deposits/sediment laden flows (Vakarelov et al. 2011). Clustered burrowing 
of bed sets with low diversity opportunistic suites is caused by successive storm activity at 
high latitude locations (Duke 1985; Frey et al. 1990; Bann et al. 2008). Skolithos ichnofacies 
have also been found to occur in interbedded sequences composed of low-angle cross-
stratified beds dominated by Skolithos burrowing and massive strata predominately composed 
of Cruziana ichnofossils. Similar to the lower and middle section of BH UW1, 
indistinguishable burrows (cryptobioturbation) are common within the coastal sections. 
Cryptobioturbation is representative of rapid sedimentation of oxygenated sandy deposits 
within a shallow marine setting disrupted by tempestite flows (Pemberton et al. 1992).  This 
supports the notion proposed by Barry (1997) of medium-grained feldspathic sandstone being 





4.10 Trace Fossils 
Trace fossils are relatively abundant within the upper BF and display lateral variability which 
is common within offshore to transitional environments (McIlroy 2007). Conventional 
analysis of trace fossil assemblages reveals vital information regarding water depth, salinity, 
energy level, oxidation potential and bathymetric indicators (Seilacher 1978; Howard 1978; 
Ekdale 1988; Nagendra et al. 2010).  The combination of these factors produces a relatively 
accurate assessment of the environment of deposition (Basan 1978). The outlined procedure 
was applied to the study area and can be used to distinguish two bathymetrically related 
facies: Skolithos and Cruziana ichnofacies. 
Skolithos ichnofacies are defined within the continental shelf environment exhibiting 
moderate to relatively high-energy wave or current conditions (Frey et al. 1990; Pemberton et 
al. 1992).  Skolithos burrows are predominately sub-vertical, non-branched and set within a 
muddy to clean, well sorted unstable sediment susceptible to erosion or deposition (Seilacher 
1978; Frey et al. 1990). The Skolithos burrows represent suspension feeders seeking 
protection from the unstable sediment by burrowing deeply and remaining sedentary for long 
periods (Bromley 1996).  Thus, the deep burrowing attributes of Skolithos improve their 
preservation potential but cause diagnostic low ichnodiversity, low density and vertical 
orientation of the deep suspension-feeder ichnoguild (Bromley 1996). As Fig. 4.3(b) 
illustrates, sporadic low-density assemblages of thinly lined Skolithis linearis burrows with 
organic carbon occur intermittently within HCS units. This supports the concept of lateral 
variability in mobile sediments/shallow marine ichnofabrics (McIlroy 2007), as the structures 
produced by other animals (i.e. trapping worms, vagile deposit feeders) are predominately 
destroyed by physical processes. Therefore, this does not express the true species diversity 
and large biomass of the endobenthic community within the specified environment. 
Skolithos ichnofacies appear to be associated with tractional structures. As mentioned 
previously, occurrences are predominately scattered within discrete beds. However, 
amalgamated HCS and/or SCS beds contain sporadic clusters of Skolithos burrows, giving 
the appearance of a laterally continuous bioturbated interval.  Although offshore settings are 
prone to ecological patchiness (independent of depositional processes), the bed-by-bed 
variability of the coastal sections suggest the ichnofauna is likely to be controlled by 
sedimentological features (i.e. currents, salinity and water depth; McIlroy 2007). 
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The bed-by-bed variability exhibited throughout the coastal sections contains various 
occurrences of diverse, horizontal branched and backfilled burrows characteristic of Cruziana 
assemblages. Cruziana ichnofacies are defined in a shallow protected zone which likely 
indicates a change in environmental conditions (Nagendra et al. 2010). They predominately 
characterise the region between daily wave base and storm wave base (Frey & Pemberton 
1985). Although sedimentation rates may vary considerably, rapid deposition may render 
bioturbation incomplete and subsequently result in the limited obliteration of shallow 
structures by deeper-tier activity (Bromley 1996). Thus, a high biological diversity 
characterises Cruziana assemblages. This is reflected by a high behavioural diversity that 
includes suspension and deposit feeders (Bromley 1996). As Figures 2.2(a) clearly illustrates 
an abundance of Palaeophycos, Phycosiphon, Thalassinoides, Rhizocorallim and Chondrites 
ichnotaxa set with structureless silty sandstone. The relatively diverse feeding biomass 
indicates that the substrate was probably not subject to post-depositional reworking (lack of 
pelagic mudstone; Bull & Cas 1989). 
Cruziana ichnofacies can be easily distinguished from discrete beds containing Skolithos 
ichnotaxa. However, there are some cases where Skolithos burrows are incorporated into an 
amalgamated structureless sandstone unit consisting predominately of Cruziana ichnofossils. 
Bull and Cas (1989) noted that superficial sub-vertical traces resembling Skolithos burrows 
mat be defined as ‘escape structures’ that lack discrete walls (Howard 1978). Barry (1997) 
suggested that periodic storm activity, represented by the abundance of HCS beds, introduced 
new sediment and/or reworked sediment into post-storm deposits (low energy Cruziana 
assemblage). Although the lack of tractional sedimentary structures allows the identification 
of various ichnofossils, Cruziana ichnofossils appear to be located predominately within 
amalgamated and/or discrete structureless sandstone.  The rate of biogenic reworking within 
the structureless intervals exceeds sedimentation and suggests that the floor provided a 
favourable environment for colonisation. In contrast, the Skolithos ichnofacies 
(scattered/incomplete biotubation), implies a suite of stress factors inhibited preservation 






4.11 Body Fossils 
The scope of this project does not permit a detailed fossil study. Because of this reason, the 
author intends to confine the discussion employing the straightforward and useful concept of 
genera classification. Identification of distinct body fossils was limited for most of the coastal 
sections. However, Flagstaff Point did contain conspicuous brachiopod valves and bivalves 
within the bioturbated structureless sandstone intervals. Large Megedesmus imprints suggest 
a low-energy shallow marine setting for structureless sandstones at Flagstaff Point. The 
examined coastal sequence consisted of limited to absent evidence of body fossils. The 
coastal sequences were deposited in a high energy shallow marine environment that probably 
restricted the occurrence of abundant and diverse assemblages. 
The body fossils examined were contained characteristics indicative of a renewable life 
assemblage. Many are articulated and some are filled with spar calcite. Sporadically 
distributed wood fragments and associated crystalline pyrite were evident on the northern 
side of Flagstaff Point. No glendonites were found on the northern side of Flagstaff Point. 
However, Carr et al. (1989) documented the occurrence of glendonite formation at Flagstaff 
Point. Similarity between the assemblages located in the lower and upper BF and the 
aforementioned attributes indicate soft sediment deposition in a quiet, comparatively cold, 
















This chapter provides a detailed sedimentological analysis of the Broughton and Pheasants 
Nest Formations. This is based on the descriptions and interpretations contained in Chapters 3 
(BH UW1) and 4 (outcrops). It should be noted that the outcrop studies do not contain a 
complete succession of the Broughton and Pheasants Nest Formations. Thus, BH UW1 will 
be used to complete the descriptions and interpretations of the missing outcrop sections (if 
laterally equivalent). The selected outcrops for this study are located along the coastline to 
the south and north of Wollongong at intervening distances (Figure 1.1). Inland outcrops 
between Flagstaff and Towradgi Point were highly valued due to the possible coverage of the 
transition between the Broughton and Pheasants Nest Formations. However, due to limited 
exposures, reliance on the intermittent coastal outcrops was hesitantly applied in conjunction 
with BH UW1. This chapter will use the full names of the two examined formations for 
petrographic descriptions, instead of the abbreviations (i.e. BF, PNF). Mineralogical 
abbreviations are after Fettes (2007). 
 
The palaeoenvironmental evolution and sedimentology of the study area will be combined 
with subsequent chapters to produce a detailed construction of the transition between the 
Broughton and Pheasants Nest Formations in Chapter 7. 
 
5.2 Broughton Formation 
 
BH UW1 contains a complete succession of the Broughton Formation, which conformably 
overlies the Berry Siltstone at approximately 280 m. Outcrop studies only cover the 
succession between the middle to upper Broughton Formation. The Broughton Formation 
consists of fine- to coarse-grained volcanic-derived litharenite that persists throughout the 
entire succession. Gradational changes of colour from dark-grey or greenish-grey at the base 
to greyish-yellow towards the top are conspicuous. The Broughton Formation can be 
successfully divided into 3 sections based on the degree of bioturbation, lithology, 
sedimentary structures and palaeoenvironment interpretation. The three sections include: 
 
1. Lower Broughton Formation  
2. Middle Broughton Formation  
3. Upper Broughton Formation  
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(1) Lower Broughton Formation 
  
The lower Broughton Formation consists of sporadically interbedded, bioturbated coarse-
grained siltstone and fine-grained sandstone. A sample taken from approximately 245.16-
244.99 m consists of poorly sorted feldspathic litharenite comprised of predominately sub-
rounded quartz and altered albitised plagioclase. Quartz grains display straight and undulose 
extinction set within a fine-grained chlorite or laumontite matrix. Chlorite alteration occurs 
around the rims of plagioclase feldspar grains (showing poorly defined multiple twinning and 
zoning). Dark, elongate and fine-grained iron oxide, probably hematite appears as opaque 
material in thin-section (Figure 5.1a). Sub-rounded rocks fragments are variable in size and 
are either felsic or mafic in composition. Felsic clasts are easily distinguished from the mafic 
counterparts, based on the abundance of aligned albitised plagioclase. 
 
The basal section of BH UW1 consist of moderately to intensely bioturbated amalgamated 
fine-grained sandstone (~3 m) containing an abundance of spreiten structures that display 
sub-vertical orientation. Discrete trace fossils are difficult to identify due to the abundant 
spreiten texture. Sporadic body fossils are preserved at a few locations and include bivalve, 
brachiopods (Ingelerella) and possibly digitate bryozoans (uncertain). Body fossils and 
calcite grains spatially correspond with the identification of 1-3 m long calcite veins 
(distributed by shell diagenesis). Carbonate veins are a few millimetres thick and in the lower 
Broughton Formation are generally 50 cm long. 
 
Volcanic clasts are sporadically distributed throughout the lower Broughton Formation and 
are compositionally similar to the Late Permian basaltic latites of the Bumbo and Blow Hole 
Latite Members (Raam 1968). However, large volcanic clasts appear to be felsic in hand-
specimen and may represent clasts lithology’s derived from andesitic/ basaltic andesite 
components of the southern Sydney Basin.  Felsic clasts are highly variable in size, but are 
approximately 30 to 40 mm; reaching a vertical maximum of 80 mm. Clasts are 
predominately sub-rounded to rounded with little textural variation. Internal structure of the 
clasts consists of a well sorted fine-grained groundmass (difficult to identify individual 
minerals). However, plagioclase phenocrysts are conspicuous (seriate texture), with the 
subordinate black coloured minerals likely to be magnetite or hematite (Figure 5.1b). 
 
The random (possibly intermittent) distribution of the volcanic clasts within the siltstone or 
fine-grained sandstone, represent deposition by either debris flows or turbidites. The highly 
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bioturbated homogenous fine-grained sandstone consist of a mottled fabric at the base of the 
sequence which sequentially changes from a continuous occurrence to an intermittent feature 
(i.e. not continuous). This characteristic along with the poorly sorted arrangement of the 
volcanic rock fragments and substantial mica suggest low-energy offshore deposition (below 
storm wave base) with no evidence of storm activity (wave emplacement) through 
approximately 30 m of lithified sediment (Barry 1997). 
 
(2) Middle Broughton Formation  
 
The middle Broughton Formation consists of distinctly bedded light-grey amalgamated fine- 
to medium-grained sandstone caused by either biogenic homogenisation, weathering or 
hydraulic factors. Its relationship with the underlying lower offshore sandstone (lower 
Broughton Formation) is gradational and difficult to accurately locate in BH UW1. 
Therefore, sedimentary processes were undoubtedly similar, producing uniform deposits. 
Possible lamination and micro-cross-bedding is evident towards the upper sections and 
produces distinct structures not found in lower portions. Detailed descriptions reveal that the 
grain size slightly coarsens upwards throughout the succession from fine-grained sand at the 
base to medium-grained sandstone. However, this is difficult to determine due to the minor 
grain size changes. Therefore, a simple uniform fine- to medium-grained sandstone 
description is appropriate for the overall sequence. Abrupt changes in grain size, infrequent 
clast inclusions and sparsely deposited beds display a mottled fabric reflecting the sporadic 
and energetic volcaniclastic sedimentation. 
 
The coastal sections described at Barrack Point, Windang Island and Port Kembla represents 
a uniform depositional sequence located in the middle-upper Broughton Formation. Rare 
evidence of cross-bedding (poorly preserved) and turbidite sedimentation offer significant 
interpretative value. However, since these sections are predominately composed of 
hummocky cross-stratified sets, an offshore environment (above storm wave base) with 
frequent storm activity is interpreted. The described sections appear to be laterally equivalent 
to the uniform ~100 m silty sandstone interval within BH UW1 (from 220-150 m). 
Depositional equivalency is possible from the two methods. However, due to the lack of 
siltstone interbeds within BH UW1, lateral equivalency is doubtful.  
 
Sporadic body fossils are preserved in a few locations. Similar to the lower Broughton 









Figure 5.1: (a) Feldspathic litharenite with moderately sorted (up to 300 µm), altered volcanic rock 
fragments and albite phenocryts.  Note the thin iron oxide rimming of rock fragments. PPL. (b) 
Albitised feldspar (Ab) displaying overgrowth textures. Large volcanic fragment (left) displaying 
orientated feldspar grains (20-30˚).  XPL. (c)  Litharenite displaying poorly developed chlorite (Chl), 
hematite (Hem) matrix.  Note sub-rounded quartz (Qtz). PPL. (d) Thin, elongated chlorite crystal 
developed between feldspathic grains. Prominent interstitial iron-oxide rims. (e) Large plagioclase 
phenocrysts set within a fine-grained chlorite and hematite matrix. XPL. (f) Sub-rounded feldspar 
(arrow) displaying parallel zoning infilled by orange/brown chlorite (?) derived from the matrix. XPL. 
A14; 185.05 m; BH UW1 A14; 185.05 m; BH UW1 
A16; 174.10 m; BH UW1 A16; 174.10 m; BH UW1 












(uncertain). Body fossils and calcite grains spatially correspond with the identification of 1-3 
cm thick calcite veins (distributed by shell diagenesis). Calcite veins are up to 10 cm thick, 
but in the middle Broughton Formation are generally 20 cm long within BH UW1. Thin, 
coarse-grained, light-brown to black gravel lenses gradationally and conformably overly fine-
grained sandstone throughout the lower parts of the succession. The beds become structurally 
and visually complex as they grade into the upper part of the Broughton Formation. Bedding 
is sporadically convoluted; sedimentary structures are poorly defined, but interpretable. Fine-
grained laminated siltstone (carbonaceous) appears at the top of the sequence where smaller-
scale bedding is evident (Figure 5.1d). 
 
Thin sections A14 to A21 display fine-grained, moderately sorted textures containing 
abundant rock fragments (Figure 5.1b). Visually, the sections can be classified as a 
feldspathic litharenite (Folk 1968), with minimal mineralogical changes.  Albitised 
plagioclase is the predominant constituent and display considerable chlorite and laumontite 
alteration (Figure 5.1f). Quartz grains are a minor component and are predominantly sub-
rounded to rounded with slightly sutured boundaries (Figure 5.1c). Polycrystalline quartz is 
rare. Straight extinction is apparent in monocrystalline quartz. However, undulose extinction 
is apparent for numerous quartz grains. Chlorite, hematite, laumontite and minor albite are 
the predominant cementing minerals. Grains boundaries are predominately rimmed by 
homogenous hematite. However, chlorite rimming is also an important characteristic. 
 
The moderately bioturbated homogenous fine- to medium-grained sandstone, poorly sorted 
volcanic rock fragments and the general amalgamation of sandstone beds indicate uniform 
offshore deposition (above storm wave base) with moderate storm activity (wave 
emplacement). Storm activity transpired in the middle to upper parts of the succession. 
Sediment was probably derived from the offshore volcanic island chain and reworked via 
storm waves. Thus, sedimentary dispersal and provenance was similar to the processes 
observed in the lower Broughton Formation (Hitchen 1997). However, since the study 
considers the borehole to be laterally equivalent to coastal section, evidence of intense storm 
activity is plausible. It should be noted that there are only 2 boreholes situated in the 






(3) Upper Broughton Formation 
 
The upper Broughton Formation consists of distinctly bedded light-grey fine- to medium-
grained sandstone, coarse-grained conglomerate lenses and thin lenses of fine-grained black 
carbonaceous siltstone/mudstone. The thick amalgamated fine- to medium-grained sandstone 
gradationally and conformably overlies similar lithological beds of the middle Broughton 
Formation. Thus, reflecting the difficulty in determining the transition/location of where the 
upper Broughton Formation first appears (within BH UW1). For outcrop localities, the upper 
Broughton Formation is considered to occur above the Dapto Latite Member. This is located 
at Pilot Station, Port Kembla (not inspected). Since this study concerns facies relationships at 
the Shoalhaven Group-Illawarra Coal Measures boundary, sediment-magma interaction was 
not observed. For detailed analysis of sediment-magma interaction, see Barry (1997). 
 
Bedding is generally diffusely laminated, massive and in some places micro-cross-laminated. 
At approximately 145-144.90 m, HCS units are apparent, between fine-grained laminated 
sandy siltstone and convoluted massive sandstone. However, this is difficult to accurately 
determine due to the consistent fine-grained nature of the sediment. This section of BH UW1 
marks the first interval where discrete sedimentary structures are visible. This clearly 
represents the upper portion of the Broughton Formation, whereby energetic sedimentation 
occurred on the lower shoreface. Sporadic body fossils are preserved in a few coastal 
locations, particularly at Flagstaff Point. Similar to the lower Broughton Formation, fossils 
primarily include bivalves. In contrast to the remaining Broughton Formation, calcite veins in 
BH UW1 are absent to rare, reaching a thickness of only a few millimetres and a maximum 
length of 5 cm. sporadic calcite veins and/or grains reflect the paucity of body fossils found 
in the upper Broughton Formation in BH UW1. Bedding becomes structurally complex and 
variable as they grade into the overlying Pheasants Nest Formation, becoming thinner and 
more distinct. 
 
Sedimentary texture of the upper Broughton Formation is not considerably different to the 
middle portions. Average grain size is slightly coarser (~200µm) which has produced 
increased distance between grains and slightly poorer sorting (Figure 5.2b). Minor biotite is 
also evident; commonly exsolving into opaque crystals, probably magnetite or hematite 
(Figure 5.2d). Rock fragment abundance and size increases and they are predominantly 









Figure 5.2: (a) High titanium biotite (Bt) completely exsolved to form opaque elongated, tabular to 
undulating grains. Remnants of biotite can still be seen along grains boundaries. PPL. (b) Poorly 
sorted feldspathic litharenite containing partially albitised plagioclase, with minor laumontite 
alteration (Lmt). XPL. (c) Single biotite crystal displaying internal exsolution to form opaque crystals. 
Crystal exsolution is ~50% complete. PPL.  (e) Sub-rounded volcanic fragment containing orientated, 
sub-parallel fine-grained plagioclase crystals with moderate alteration. Large rounded quartz 
phenocrysts are almost completely altered by laumontite and opaque hematite. Spotted appearance of 
fragment interior is a result of small, sub-rounded opaque grains. PPL. (f) XPL. 
A25; 130.25 m; BH UW1 
A27; 120.35 m; BH UW1 
A30; 104.05 m; BH UW1 
A27; 120.35 m; BH UW1 
A30; 104.05 m; BH UW1 












sporadically distributed within the interior of the fragment, giving a spotted appearance 
(Figure 5.2e). Rock fragments moderately alter to chlorite and laumontite. Laumontite 
alteration is higher than in the middle Broughton Formation and may represent increased 
volcanic activity. 
 
The moderately- to highly bioturbated, fine- to medium-grained sandstone, prevalent 
diffusely laminated structure, massive conglomerate lenses and sporadically distinct HCS 
indicates upper offshore (above storm wave base) to lower shoreface deposition. Sobhan 
(1998) suggested a poorly defined barrier system and/or an inter-deltaic linear shoreline 
started to develop during the upper Broughton Formation. Based on the sedimentary 
evolution of BH UW1 and coastal outcrops, noticeable development can only be accounted 
for near the uppermost portions of the Broughton Formation. 
 
5.3 Shoalhaven -Illawarra Group Boundary 
 
BH UW1 contains a complete detailed succession of the Broughton-Pheasants Nest 
Formation boundary within a 10-15 m interval located at approximately 100 m to 85 m. The 
transitional area contains a complex interbedded sequence of Facies 1, 6, 8 and 9.Thus, the 
contact is gradational and subsequent interpretation leads to the development of three or four 
depositional models for the boundary (Chapter 7). Since the coastal outcrops do not show the 
transition between the two formations and no inland outcrops were found, development of the 
model is strongly reliant on BH UW1. Depth intervals 27, 28 and 29 contain distinct contacts 
representing possible marine fluctuations. Interbedded fine- to medium-grained sandstone 
and conglomerate indicate upper shoreface to foreshore storm conditions. Preceding 
deposition of well-defined cross-laminated sandstone (Facies 9) indicates weak tidal 
influence from a prograding shoreline. However, if this description is valid, subsequent 
deposition of homogenous bioturbated sandstone indicates a sharp shift in the depositional 
gradient. This shift likely represents a transgression caused by localised subsidence. What 
caused the subsidence is unknown, but it is possible that rapid deposition, accumulation and 
compaction caused localised flexural subsidence producing the aforementioned transgression. 
Thus, transition into the overlying Pheasants Nest Formation probably resulted in a sharp 
regression following the ephemeral transgression. This is indicated by a distinct change in 
lithology at approximately 80 m. Following this interval, apparent terrestrial sedimentation is 




5.4 Pheasants Nest Formation 
 
BH UW1 contains the majority of the Pheasants Nest Formation, which gradationally 
overlies the Broughton Formation at approximately 80 m. However, the contact with the 
overlying Ernis Vale Formation could not be established (removed by erosion?). Outcrop 
studies only cover the uppermost Pheasants Nest Formation at Towradgi and Bellambi Point. 
The Pheasants Nest Formation consists of fine- to coarse-grained volcanic-derived litharenite 
that persists throughout the entire succession. Gradational changes of colour from pale grey 
or dark-grey at the base to greyish-yellow towards the top are also conspicuous. The 
Pheasants Nest Formation can be successfully divided into 2 sections based on the degree of 
bioturbation, lithology, sedimentary structures and subsequent palaeoenvironmental 
interpretation. The two sections include: 
 
1. Lower Pheasants Nest Formation  
2. Middle Pheasants Nest Formation  
 
(1) Lower Pheasants Nest Formation 
 
The lower portion of the Pheasants Nest Formation contains a complex sequence of diffuse 
low-angle cross-laminated sandstone (Facies 9), carbonaceous and/or non-carbonaceous fine-
grained sandstone (Facies 10) and possible low-angle cross-stratified granule sandstone 
(Facies 2).  Contacts between the units are predominately sharp and planar, as opposed to 
sedimentation in the Broughton Formation. Large sections of BH UW1 contain conspicuous 
lamination that is predominately carbonaceous. This is commonly associated with thin coal 
bands that cannot be identified as belonging to the Figtree or Unanderra Coal Members. Coal 
bands located at approximately 68 and 47 m could possibly represent the respective coal 
members, but the lack of lateral profiling restricts interpretation. Intervening massive 
sandstone differs from the equivalent Broughton Formation facies by containing well-defined 
root traces and displaying considerably different facies relationships. 
 
Petrographic descriptions reveal only minor changes between quartz-feldspar content 
compared to the Broughton Formation. Quartz content is slightly less, whereas albitised 
plagioclase changes are insignificant. Volcanic fragments are sporadically distributed 
throughout the lower portions and are compositionally similar to the Late Permian basaltic 
latites of the southern Sydney Basin. However, initial descriptions suggest a felsic 
76 
 
appearance. However, this has been disproven by several authors (Raam 1968; Carr 1984, 
1998). Clasts visible in hand specimen are highly variable in size, but are approximately 30 to 
40 mm, reaching a vertical maximum of 80 mm. Clasts are predominately sub-rounded to 
rounded with little textural variation. 
 
The Pheasants Nest Formations contains coarser-grained intervals than the preceding 
Broughton Formation. This is clearly indicated by large albitised plagioclase grains set within 
a fine-grained matrix of opaque crystals (indeterminable). Laumontite alteration is prevalent 
for certain intervals and is clearly evident within large plagioclase phenocryts (600 µm) 
within rock fragments (Figure 5.3). Conglomerate intervals contains large (> 2000 µm) sub-
rounded rock fragments showing pervasive alteration of feldspar constituents along cleavage 
plane. This creates a blurry appearance of certain crystals that suggest that significant 
volcanic activity persisted into the middle-upper Broughton Formation 
 
Absent bioturbation, homogenous fine- to coarse-grained sandstone, thin coal bands, 
persistent lamination and the complex facies arrangement (thin-bedding) indicates terrestrial 
deposition via interchannel processes. Overbank sheetfloods, crevasse splay and levee failure 
are the probable options. Storm activity transpired in the middle to upper parts of the 
succession. Accurate determination of the process is difficult due to lack of lateral exposure. 
Thus, several options are listed based on vertical attributes. Sediments were still derived from 
the offshore volcanic island chain and transported via distributaries across the alluvial plain. 
Thus, sedimentary dispersal and provenance was similar to the processes observed in the 
Broughton Formation. However, since the study hesitantly considers BH UW1to be 
depositonally equivalent to the coastal outcrops in the Wollongong area, evidence concerning 













Figure 5.3: (a) Opaque trail developed between fine-grained, altered (chlorite, laumontite) plagioclase 
grains. PPL. (b) Large euhedral plagioclase with displaying sharp contacts with adjacent quartz, rock 
fragments and orange/red exotic mineral (?). XPL. (c) Pervasive laumontite alteration of fine-grained 
feldspar grains displaying iron oxide rimming (type is not determinable due to small size). XPL. (d) 
Well developed sub-rounded quartz and biotite set within a fine-grained matrix of probable hematite, 
chlorite and albite. PPL. (e)  Heavily altered, large euhedral feldspar phenocryts within a large 
volcanic rock fragment containing aligned plagioclase that has been partially albitised. XPL. (f) 
Laumontite alteration of plagioclase interior displaying a zoning appearance. (XPL). 
A35; 48.15 m; BH UW1 A37; 32.30 m; BH UW1 
A37; 32.30 m; BH UW1 A38; 23.30 m; BH UW1 

















(2) Middle Pheasants Nest Formation  
 
The middle-upper Pheasants Nest Formation consists of distinctly bedded light-grey medium-
grained sandstone, coarse-grained conglomerate and thin lenses of fine-grained carbonaceous 
siltstone/mudstone. Diagnostic trough cross-stratified and planar-stratified sandstone (Facies 
2) is bounded by massive sandstone and cross-laminated silts. Facies 2 intervals are 
commonly interbedded and display sharp upper and lower planar contacts. This facies 
arrangement persists until approximately ~20 m until it is sharply overlain by granule-sized 
conglomerate. The conglomerate appears to be structureless when first analysed, but detailed 
analysis reveals diffuse low-angle cross-stratification. The conglomerate is sharply bounded 
by fine-grained tuffaceous sandstone (Facies 4). The tuffaceous sandstone contains rounded 
clasts, similar in appearance and composition to the conglomerate constituents. This may 
represent destruction or development of a point bar. However, since the tuffaceous material 
precedes conglomerate sedimentation, development is the preferable option. 
 
The upper Pheasants Nest Formation contains fine- to coarse-grained feldspathic litharenite, 
trough cross-stratified sandstone, laminated fine-grained sandstone and abundant 
conglomerate. The uppermost conglomerate layering and associated higher quartz content 
indicate a weakened volcanic-influence in BH UW1. Thus, sedimentary dispersal and 
provenance must have deviated from preceding control by the offshore volcanic-island chain. 
Sediment input from the quartz-rich Lachlan Fold Belt may represent the slight shift in 
sediment composition. 
 
5.5 Fragment Morphology 
 
Abundant rock fragments persist throughout the entire length of BH UW1. Rocks fragments 
are distributed across each lithological composition and are variable in size. Fragments range 
from 50 µm up to 2000 µm, but are generally ~ 200 µm.  They are predominately volcanic in 
origin and generally constitute ~50% of the sampled sections. However, identification of the 
specific rock type is difficult due to the fine-grained nature of BH UW1. Within the 
sandstone units, fragments are predominately sub-rounded to sub-angular and set within a 
fine-grained matrix of chlorite, laumontite and minor iron oxide (hematite or magnetite). 
Chlorite alteration is persistent throughout BH UW1 and is commonly associated with the 
volcanic rock fragments. Although chlorite alteration is evident in rock fragments, it is 
predominantly restricted to the matrix. However, fragments are predominantly composed of 
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albitised plagioclase, suggesting a felsic origin. Raam (1968) indicated that copious amounts 
of albitised plagioclase in the Broughton Formation restrict the classification of volcanic rock 
fragments. Opaque minerals such as hematite and magnetite comprise a small proportion of 
rock fragment compositions.  If a fragment contains over 50 % opaques, plagioclase 
microlites or phenocrysts are conspicuous (Figure 5.4g).  Fragments are predominantly 
rimmed by iron oxide, probably hematite coatings with minor alteration products such as 
chlorite (Figure 5.4a). Distinctive opaque trails are evident in fragment interiors. This may 
represent magnetite trails caused by interstitial fluids (Figure 5.4c). Other minerals include 
minor muscovite, biotite, amphibole and zircon constrained within the rock fragments. 
Prismatic zircons (20-40 µm) are difficult to identify. 
 
Depending on the locality within BH UW1, fragment size and type show minor changes 
(Figure 5.4). For example, in the lower Broughton Formation (~270 m, BH UW1) 
sporadically distributed, large volcanic fragments display flow banded textures consisting of 
orientated albitised plagioclase grains. The flow-banded texture is indicated by the 20-30˚ 
alignment of elongate albite crystal (Figure 5.4i). The Pheasants Nest Formation (~ 80 m, BH 
UW1) consists of larger fragments, displaying clear mineral associations. Alteration products 
such as small, pleochroic, prismatic epidote crystals are distinguishable from the dominant, 
fine-grained and equigranular albitised plagioclase (Figure 5.4e). Large plagioclase 
phenocrysts are heavily altered and prevalent in the conglomerate intervals of the upper 
Pheasants Nest Formation.  The angularity of the fragments appears to increase upwards 
through BH UW1. Volcanic fragments are compositionally similar to the interbedded latites 
of the Gerringong-Wollongong area and display different characteristics throughout BH 
UW1. Fragment angularity slightly increases into the Pheasants Nest Formation, suggesting 
different transportation mechanisms. It should be noted that the texture, size and intensity of 
alteration is variable for each volcanic fragment through BH UW1. This trend is also evident 
for the sandstone fabric. However, the comprehensive authigenic mineral assemblage is 
diagnostic of the zeolite facies of low-grade metamorphism (Raam 1968). The persistence 
and abundance of albite, chlorite and laumontite throughout BH UW1, regardless of the grain 











Figure 5.4: (a) Sub-rounded volcanic rock fragment set within a fine-grained groundmass of quartz, 
albite and interstitial chlorite. Notice the opaque (iron oxide) rimming of the fragment. PPL. (b) Large 
elongate and sub-rounded albite phenocrysts displaying remnant twinning are discernible within the 
fragments. XPL. (c) Sub-angular fragment containing small, red–brown, elongate grains. Higher 
titanium biotite exsolution produces elongate opaque biotite. The fine-grained section inhibits specific 
identification of opaque minerals. PPL. (d) XPL. (e) Interior of large (~3 mm) porphyritic felsic 
fragment showing discrete epidote grains. Distinct alignment of albite crystals, inclined at 20-30˚. 




A40; 13.95 m; BH UW1 A40; 13.95 m; BH UW1 
A16; 174.10 m; BH UW1 A16; 174.10 m; BH UW1 









Figure 5.4 continued: (g) Photomicrograph of a large volcanic rock fragment showing extensive 
replacement of the groundmass by hematite. Note that plagioclase microlites remain unreplaced. Rock 
fragment are replaced by chlorite and minor laumontite. PPL. (h) XPL. (i) Flow-banded texture of 
albitised plagioclase (partially altered). Biotite phenocrysts display overgrowth on iron oxide 
(hematite or magnetite). Groundmass consists predominantly of chlorite, replacing fine-grained 
minerals or altering glass constituents. PPL. (j) XPL. (k) Large biotite phenocrysts within an angular 
volcanic fragment rimmed by opaque iron oxide and set within a fine-grained groundmass of albite, 




A18; 165.00 m; BH UW1 A18; 165.00 m; BH UW1 
A21; 149.85 m; BH UW1 A21; 149.85 m; BH UW1 
A08; 232.20 m; BH UW1 A08; 232.20 m; BH UW1 
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This chapter provides a description of the geochemical and mineralogical trends of the 
Broughton and Pheasants Nest Formations in the Wollongong region. Statistical analyses 
have been used to identify the geochemical and mineralogical controls on the geological 
units. Geochemical data was acquired with the Niton hand-held 3XLt GOLDD + XRF (X-ray 
fluorescence spectrometer). The samples used correspond to the depth intervals or samples 
collected from the University of Wollongong #1 borehole (BH UW1) and coastal outcrops. 
Mineralogical trends of BH UW1 and coastal outcrop samples were measured by X-ray 
diffraction (XRD). Facies descriptions, stratigraphic logging and field notes (Chapters 3, 4) 
were then used to split individual facies into their respective associations. Diagrams of the 
subsequent univariate (ANOVA) and multivariate statistical analyses (cluster analysis, 
principal components) were then created to demonstrate the relationship and extent of each 
facies association throughout the study area (Olivarius et al. 2011). Principal component 
analysis provided further refinement by identifying two factor loadings related to 
mineralogical controls.  The theoretical aspects of the different statistical methods are 
explained upon in Appendix E. 
 
6.2 Data Preparation/Methodology 
 
6.2.1 Univariate Statistics 
 
6.2.2 One-way Analysis of Variance (ANOVA) 
 
 
To assess the geochemical differences, associations and relationships for the lithofacies of the 
Broughton and Pheasants Nest Formations, inferential statistics such as one-way analysis of 
variance (ANOVA) or its non-parametric equivalent were applied to the dataset. The dataset 
(n = 174) was collected using a Niton 3XLt GOLDD + hand-held XRF device at 
approximately 5 m intervals throughout BH UW1. The dataset also included measurements 
of samples collected from the borehole during preliminary stages of the study. 
 
The Niton 3XLt GOLDD + device tests for the concentration (ppm) of 43 major and trace 
elements for each individual measurement. Elements are either recorded in parts per million 
(ppm) or below the level of detection (< LOD). Therefore, the elements that consisted mostly 
83 
 
of < LOD readings were not used for statistical tests and noted as < LOD in Table 6.1. 
Overall, 22 of the 43 elements recorded were applicable for statistical inference. For elements 
such as Cu, Cs, S, P and Cr, which had only a few < LOD readings (< 5 readings), analysis 
was still performed on the elements by deleting these recordings. Therefore the sample size 
(n) for these elements differed from the others (noted within Table 6.1). It should be 
mentioned that the deleted recordings were not considered potential outliers as the 
discrepancy between them and the majority of measurements was clearly a result of a 
technical limitation of the analytical instrument. Some key limitations of the hand-held XRF 
technique are explained in section 6.4. 
 
Analysis of Variance tests (ANOVA) was performed on the dataset (n = 174) using IBM 
SPSS 19 statistical software. However, due to graphical preferences, JMP (v. 7.0.2) was also 
used. Since the sample size between the original 8 lithofacies was relatively small and 
uneven, certain assumptions/requirements for one-way ANOVA were violated. This required 
that patterns for the majority of the elements be investigated using non-parametric methods 
(i.e. assumption free) such as the Kruskall-Wallis test (Table 6.1; see Appendix E). The test 
requires limited assumptions such as: 
 
(1) Independent random sample from multiple groups collected via random sampling 
methodologies. 
 
Therefore, the dataset for this experiment clearly adheres to the alternative statistic.  
 
However, one-way ANOVA and the Kruskall-Wallis Test only assess whether there is a 
significant difference between the 8 lithofacies and not where the differences actually occur 
(Sabaou et al. 2009). Therefore, for the elements that did not violate the assumptions of one-
way ANOVA, the Tukey method was applied. Elements that violated the assumptions of one-
way ANOVA (i.e. the majority) required standard box plots analysis to make multiple 
comparisons between groups. It should be noted that the U Mann-Whitney test could be used 
to make multiple comparisons for non-parametric data. However, this would be time 






6.2.3 Multivariate Statistics 
 
6.2.3.1 Cluster Analysis 
 
Total concentrations for all elements above the level of detection using the hand-held XRF 
were determined from 162 sample points. Cluster analysis using 22 out of the 43 elements 
was undertaken, checking for irregularities. Two different methods were applied to determine 
if there was a significant difference between standardisation practices. Method 1 used 
untransformed, standardised (Z-score method) data with subsequent Euclidean distance 
algorithms to determine the relationships between sample points (Q-mode) and elements (R-
mode). Method 2 utilized log-transformed, standardised (Z-score) data with Euclidean 
distance algorithms to determine the same trends (see Appendix E). Elements that contained 
more than 5 % of < LOD readings were excluded from the analysis (Templ et al. 2008). For 
elements Cu, Cs, S, P and Cr which had > 0 < 5 LOD readings, analysis was still performed. 
 
6.2.3.2 Principal Component Analysis 
 
PCA was undertaken on 162 sample points, the same as cluster analysis. PCA analysis using 
22 out of the 43 elements was undertaken, checking for irregularities. This was based on 
similar data requirements as those practised in cluster analysis (Xue et al. 2011). Measures of 
sample accuracy (Kaiser-Meyer Olkin and Bartlett’s Test; Appendix E), communalities, 
factor loadings, outliers and reliability (Cronbach α; Appendix E) was undertaken to ensure 
the output was accurate (Figure 6.7). From the preliminary results it was found that only six 







6.3 Geochemical Results – Laboratory XRF Trace Elements  
 
6.3.1 Large-Ion Lithophile (LIL) Elements 
The concentration of Cs (<4.0 ppm), Sr (242-4056 ppm) and Rb (33-159) show substantial 
scatter, but their average contents are comparable with standard PAAS (post-Archean average 
shale; Taylor & McLennan 1985) and North American Shale Composite (NASC; Gromet et 
al. 1984). Univariate statistical analyses reveal a significant difference between the 
Shoalhaven Group and Illawarra Coal Measures for LIL elements, except for Ba. 
 
6.3.2 Th and U 
The rocks analysed have variable Th (4.7-19.3 ppm), U (0.8-15.9) and Th/U (0.6-7.4) values 
that are broadly comparable to standard post-Archean shales. There appears to be no 
discernible difference in Th, U and Th/U values between the non-marine Pheasants Nest 
Formation and the fine-grained sandstone of the marine Broughton Formation. 
 
6.3.3 Ferromagnesian Trace Elements 
The concentration of Co (<3.7-57 ppm), Cr (<1-131 ppm), Ni (4-27 ppm), V (27-264 ppm) 
and the ratios of Cr/Ni and Ni/Co show considerable scatter, but their average contents are 
comparable with upper crustal and average shale values (Gromet et al. 1984; Taylor & 
McLennan 1985). The Pheasants Nest Formation has higher concentration of most 
ferromagnesian trace elements than does the Broughton Formation, implying a more mafic 
component in the provenance of the former. 
 
6.3.4 Other Trace Elements 
Abundances of Nb, As, W and Sb are predominately controlled by secondary processes such 
as metamorphism, sulfidisation and hydrothermal alteration that significantly alter the initial 
source rock signature (Gu 1994, 2002). Nb will also be controlled by presence of phases such 
as rutile, which can be igneous, metamorphic or hydrothermal. However, the concentration of 
these elements is commonly below the level of detection of the laboratory XRF. The 
abundance of these elements is highly variable (Nb = 4-12 ppm, As = <0.5- 11 ppm, W = <1- 
3 ppm, Sb = <1- 5ppm) and are comparable to upper continental crust values (Taylor & 
McLennan 1985). The relatively enriched elements are Cr, Co, Cu and As in the Broughton 
Formation, Nb and Pb in the Pheasants Nest Formation. In regards to grain size, the 
concentration of trace elements does not seem to be affected by the slight coarsening of 
sandstone intervals up through BH UW1. 
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6.4 Data Quality 
 
Recent applications of hand-held XRF technology have led to competing companies claiming 
that their version is the most accurate and reliable. Such devices are commonly used for metal 
and alloy testing, toys and consumer goods, environmental analysis, forensic analysis, 
geochemical exploration and additional applications. The Niton XL3t GOLDD+ portable 
XRF is the latest and most advanced XRF device constructed by the Thermo Scientific 
Corporation. The corporation advertises the device as a lightweight, non-destructive, 
purpose-built and exceptionally fast analytical tool used in various fields. The Niton XL3t 
GOLDD+ has the advantage of detecting the light elements (Mg-S) without He or a vacuum. 
The corporation also claims superior heavy element detection (Mo-Ba) utilising the 50Kv x-
ray tube. Thus, the device can detect certain elements at below < 10 ppm, although at these 
abundances the accuracy and precision is poorer. Published literature utilising hand-held XRF 
technology is scarce, (Connolly 2011) set a precedent for core ‘pseudo’-scanning 
methodology of modern sediments. However, this study concerns Late Permian volcaniclastic 
rocks analysed by another device, with different capabilities, on a borehole drilled in 1980. 
Thus, in this section, an assessment of the Niton 3XLt GOLDD+ trace element detection 
capabilities will be undertaken, prior to presenting data. 
 
For this study, 39 samples at a 10 m resolution from BH UW1 (moving upwards) were 
selected for trace element comparison of laboratory and hand-held XRF techniques, in order 
to check on the accuracy of the latter. Grain-size gradually increased upwards through BH 
UW1. Thus, the grain-size (clasts) had to be taken into consideration for each sample by 
taking multiple measurements (i.e. 4 or 5) and averaging the concentration for each element.  
This is because the analytical window of the instrument is only 6 mm. The samples were also 
handled with caution to ensure there was minimal contamination such as dust, grease or oil 
that might affect data acquisition.  A standard regression analysis of both techniques was 
undertaken with prior knowledge and consideration that the laboratory XRF is more accurate. 
A bivariate plot is a sufficient diagram to establish the scatter and correlation for each 
method, with a preferred correlation of around 1 indicating that the hand-held XRF is an 





Trace element results indicate considerable scatter among both techniques for elemental 
concentrations below 100 ppm (Figure 6.1). However, the scatter considerably reduces for 
trace element concentrations above this arbitrary threshold (100 ppm). For example, Figure 
6.11 clearly shows a moderate correlation (0.6624) for Nb. This contrasts significantly with 
the high correlation (0.9682) displayed by Ba (> 100 ppm). Therefore, a clear implication 
regarding the accuracy of the Niton 3XLt GOLD+ XRF can be made for trace element 
concentrations below 100 ppm. Whether the hand-held XRF undervalues or overvalues the 
concentration for certain elements is significant (in contrast to Connolly 2011), as this 
depends on the type of device used and sequence examined. This is supported by the 
considerable fluctuation of certain elemental concentration within BH UW1 that sporadically 





































      
      
      
 
Figure 6.1: (a) Cu, (b) Nb, (c) Zn, (d) Nb, (e) Ba and (f) Sr Niton XL3t GOLDD+ vs. 
laboratory XRF bivariate plots for 39 samples from BH UW1. 
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6.5 One-way Analysis of Variance (ANOVA) 
 
6.5.1 Lithofacies Zonation 
 
6.5.2 Major Elements 
 
Non-parametric testing performed on the dataset (n =174) revealed that all major elements 
recorded by the hand-held XRF vary significantly across different facies types (i.e. p < 0.05) 
(Table 6.1). For example, silica content (Si wt. %) was significantly different between the 8 
lithofacies of the Broughton and Pheasants Nest Formation, (H7 = 47.77, p < 0.05). Multiple 
comparisons revealed that the lower offshore facies contained 28.7 wt. % Si, with dispersion 
of 7.2 %, excluding outliers. The Si-content was not different between the upper and lower 
offshore sediments, but was significantly different to interchannel levee/splay deposits. 
Channel sequences such as bar development or the broader fluvial channel facies were 
logically similar, but slightly different when compared to offshore-shoreface facies (Table 
6.1). 
 
The content of Fe and Ca is quite similar across all facies types. However, the similarity 
primarily occurs within the offshore intervals. Both elements are significantly different across 
all facies types: Fe, H7 = 77.69, p < 0.05; Ca, H7 = 51.63, p < 0.05. Since the bathymetric 
difference between offshore and lower shoreface facies is only minor, chemical uniformity is 
expected for certain elements. This concept is supported by the similarity of Fe and Ca in the 
upper offshore intervals, amounting to 4.1 and 3.9 wt. %, respectively. Lower shoreface 
facies also demonstrate this attribute for Fe and Ca, containing 5.0 and 5.3 wt. %. However, 
the considerable dispersion of each measurement should be noted. Thus, the comparison is 
subjective for certain elements. Fe content was predominately high in the offshore-shoreface 
transition zone and generally decreased moving into the terrestrial facies (i.e. channel 
deposits; Table 6.1). 
 
Although all major elements are significantly different across all facies types, there seems to 
be no apparent order or trend within the dataset. For example, Mn content (Mn wt %) is 
significantly different between the 8 lithofacies of the Broughton and Pheasants Nest 
Formation, (H7 = 34.90, p < 0.05). However, Mn content (wt %) is relatively high in both 
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lower shoreface and interchannel sheetflood deposits. This suggests that certain elements do 
not exhibit a discernible trend across bathymetrically ordered facies (offshore-terrestrial).  
 
6.5.3 Trace Elements 
 
Kruskall-Wallis testing performed on the dataset (n =174) revealed that the majority of trace 
elements recorded by the hand-held XRF (Table 6.1) vary significantly across different facies 
(i.e. H < 0.05). However, certain elements (Cu, Cs) did adhere to the assumptions of one-way 
ANOVA and were analysed using parametric methods (i.e. Tukey method). Cu content (ppm) 
varies significantly with facies type (F7= 7.657, p < 0.05). Interchannel sheetflood and lower 
shoreface facies contained significantly higher Cu concentrations than offshore and 
channelized deposits. 
 
Cs contents (ppm) display similar trends to Cu, with significant variations identified between 
both Cs and facies type (F7=2.275, p < 0.05). Specifically, there is a quantified (as opposed to 
graphical) significance between lower offshore and lower shoreface facies (p < 0.05). Cs 
distribution between these two facies is important, as it is one of the few elements that 
demonstrate a clear statistical difference between two non-terrestrial facies. Similar to Cu, the 
lower shoreface and interchannel deposits contain high Cs concentrations, along with 
moderate concentrations within discernible channel bar deposits. 
 
The concentration of certain trace elements detected by the hand-held XRF is unsuitable due 
to high dispersion. However, it is of interest to examine the difference between certain groups 
when error is significant. Th is an important indicator of the degree of sediment recycling and 
weathering. It is commonly associated with U, Zr and Sc, displaying similar chemical 
behaviour with these elements.  Th content gradually increases from offshore to terrestrial 
systems (9.1-10.7 ppm). However, associated elements display no geochemical trend. This 
reflects error magnification at low abundances with the hand-held XRF that should be kept in 
mind when evaluating data for elements present in different abundances. The degree of 
contamination can be determined by the level of Cl, V and Zr recorded in each facies. Thus, 
lower and upper shoreface deposits can be misleading (Table 6.1) or reflect similar 
geochemical trends (due to minor bathymetric difference). 
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The relative element content is indicated for each element by colour coding. Statistical significance of the observed differences between facies is assessed by F-
tests summarized in the second to last column. Non-parametric significance was measured via the Kruskall-Wallis test statistic. 
Significance level: *** < 0.05; ** < 0.1; *< 1.0.
Lower Offshore Upper Offshore Lower Shoreface Upper Shoreface Interchannel Levee/Splay Interchannel Sheetflood Channel Bar Development   Raw Significance Non-par Significance
Si (wt %) 28.57 27.52 25.28 26.32 23.26 21.16 25.16 26.8 ***
Al (wt %) 5.49 6.46 6.73 6.82 6.35 6.34 6.12 6.68 ***
Fe (wt %) 2.96 4.06 4.99 3.78 3.65 4.01 2.41 2.77 ***
Mn (wt %) 0.07 0.09 0.1 0.08 0.1 0.1 0.09 0.07 ***
Ca (wt %) 3.89 3.93 5.28 4.96 4.43 5.6 9.76 3.26 ***
K (wt %) 1.1 1.2 1.06 1.1 1.62 1.33 1.7 1.33 ***
Ti (wt %) 0.32 0.4 0.44 0.32 0.33 0.33 0.24 0.33 ***
P (wt %) 0.1 0.08 0.17 0.08 0.11 0.13 0.09 0.15 ***
As (p.p.m.) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Ag (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Au (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Ba (p.p.m) 671.27 786.56 915.53 642.15 800.33 837.2 998.01 855.43 ***
Bi (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Cd (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Cl (p.p.m) 318.4 358.03 442.15 440.49 414.97 368.44 324.71 481.31 ***
Co (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Cr (p.p.m) 72.11 101.24 118.3 92.93 82.89 96.06 68.78 78.02 ***
Cs (p.p.m) 129.02 134.81 141.94 133.86 133.97 133.21 135.95 134.8 **
Cu (p.p.m) 37.43 38.54 48.76 35.79 37.37 56.36 34.9 38.36 ***
Hg (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Hf (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Mo (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Nb (p.p.m) 7.71 6.1 6.76 8.27 10.5 6.79 6.41 6.54 ***
Ni (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Pb (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Pd (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Re (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Rb (p.p.m) 34.36 32.47 30.76 32.09 51.55 42.92 52.72 29.77 ***
S (wt %) 1.71 0.87 0.58 0.86 2.22 3.1 0.69 1.2 ***
Sb (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Sc (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Se (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Sn (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Sr (p.p.m) 251.59 285.33 322.37 345.21 406.21 322.58 934.23 186.7 ***
Ta (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Te (p.p.m) 138.53 127.99 132.58 127.22 123.98 123.18 126.3318 125.18 *
Th (p.p.m) 9.07 8.24 8.19 10.96 10.48 9.28 10.14 10.7 ***
U (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
V (p.p.m) 245.72 309.56 296.78 238.71 121.39 193.59 200.68 271.53 ***
W (p.p.m) < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Zn (p.p.m 90.74 85.01 92.38 65.82 190.63 135.11 83.22 94.26 ***
Zr (p.p.m) 146.51 122.9 125.84 149.45 200.61 138.47 123.2494 136.39 ***
Bal (p.p.m) 54.35 54.59 54.49 54.99 57.02 57.4 54.55 56.98 ***
Relative element content High Medium Low
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6.6 Multivariate Statistics 
 
6.6.1 Vertical Variations 
 
Figure 6.2 represents the values of the elements analysed in the depth interval log for BH 
UW1. The starting point was located at approximately 296 m (1
st
 measurement). For the 
major elements such as Si, Figure 6.1 clearly illustrates the steady decline of silica content 
(wt. %) upwards through the borehole. This likely corresponds to a bathymetric and sediment 
dispersal/provenance change (discussed in Chapter 7). Supporting this notion is the 
considerable fluctuation of Si in the upper 100 m of the borehole (corresponding to a noted 
transition into the overlying Pheasants Nest Formation). This trend occurs across all major 
elements and the majority of trace elements. Although considerable fluctuation is present in 
the upper portions of BH UW1, whether elemental concentrations are declining or rising into 
this interval is highly variable.  In contrast to Si (wt. %), major elements such as Ca, Mn, S 
and Ti display a lower concentration and steady increase before reaching the sporadic 100 m 
transition zone (Figure 6.2). The same properties are observed for the trace elements V, Cl, 
Th, Sr and Cu. 
 
One of the most intriguing aspects of BH UW1 is the anomalous borehole trend of Fe (wt. %) 
(Figure 6.2). The concentration steadily increases at approximately 175 m, sharply decreases 
at 100 m before rising again (within the sporadic upper 100 m of BH UW1). However, before 
175 m the Fe content is generally low and suggests some gradual event must have occurred to 
cause the ensuing fluctuation. This trend is also observed to a lesser extent for Mn (wt. %) 
and may suggest a depositional event such as a redox reaction that has been previously 
documented for the lower-middle Broughton Formation (Raam 1968); see Chapter7). As 
discussed above, the unique fluctuation within the upper 100 m of BH UW1 has considerable 
environmental significance. Based on facies interpretations, the boundary between the 
Broughton and Pheasants Nest Formations is provisionally placed at 88.87 m (Sobhan 1998). 
However, chemical characteristics suggest that the transition may have occurred earlier at 
approximately 100 m. 
 
The major and trace element trends of the coastal outcrops (Figures 6.4, 6.5), are 
considerably scattered and poorly defined. This is due to the large distance between outcrops 
that result in poor resolution.  The examined section probably corresponds to Stage 2 from 
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BH UW1 (Figures 6.3, 6.4). This is based on the general uniformity of element 
concentrations up through the outcrops. Significant fluctuations are most likely a result of 
sample weathering. 
  
6.6.2 Cluster Exploration 
 
The Q-mode cluster analyses performed on Method 1 and 2 datasets yielded relatively similar 
results. The grouping images (dendrograms) from the analysis show the variables (sampling 
points) ordered in similar clusters, where the distance between the points on the horizontal 
axis represents the order of similarity. Therefore, a general set for each variable and how it is 
manufactured into a cluster can be established. The Q-mode groupings of the sampling points 
show only minor differences when comparing depth interval groupings. Although 
interrelationships among variables are significant, the use of a log-transformed dataset is 
easier to interpret than the non-transformed.  The efficiency of both techniques for variable 
clustering of sedimentary facies or depositional gradients is noted by Khaiwka et al. (1981). 
 
From Chapters 3 and 4, facies associations can be split into two predominant facies (offshore 
and terrestrial) and a minor facies association (transitional). Supporting the outcrop 
descriptions, Appendix H illustrates two predominant clusters containing a different number 
of objects. Cluster 3, represents a minor cluster that likely accumulated from erroneous 
sample points that are considered outliers.  Thus, this cluster is not deemed relevant or 




 clusters contain approximately 60 
measurements each, whereas the erroneous cluster contained only 10. The arrangement of the 
classes in the territory was not well defined, but nevertheless several sources belonging to the 
same class resulted in a complex dendrogram. Based on detailed interpretations, the majority 
of cluster 2 objects (sample points) seem to come from offshore sample points (lower part of 
BH UW1), whereas cluster 1 objects are predominately located in the highly variable upper 
100 m of the borehole (terrestrial).Therefore cluster 1 and 2 can be defined as offshore and 




















                         























































                             
                          






































Figure 6.3: Trace element profiles: determination of sedimentation stages (1-6). Examples from BH UW1. The 
















                         






































Red Point, North Fishermans Beach 
Flagstaff Point, Stuart Park 
Figure 6.4: Major element profiles: determination of sedimentation stages. Examples from coastal 
















                                      
                                 


































Figure 6.5: Trace element profiles: determination of sedimentation stages. Examples from coastal 
outcrops (colours are the same for each outcrop). The stages identified are representative of stage 3 




Figure 6.6a: Cluster analysis, to visualise the association of major and trace elements 




Figure 6.6b: Cluster analysis, to visualise the association of major and trace elements 









6.6.3 Principal Component Exploration 
 
Preliminary evaluation of PCA results suggest that BH UW1 contain two primary 
mineralogical controls that possibly caused the input of two different provenance types. This 
has resulted in a restricted and complex geochemical signature. However, this is highly 
dubious due to the low concentrations for each element.  Also, the author is a novice 
regarding PCA factor identification. 
 
PCA results for raw data showed that two factors account for a total of 81% of the total 
variance (Figure 6.8). The remaining variance cannot be explained by PCA and is assumed to 
be random (Duman et al. 2006; Li et al. 2007). Factor 1 accounts for 41% of the total 
variance and shows very high factor loadings on Rb, K and Ba. Factor 2 accounts for 40% of 
the total variance and shows very high factor loadings on Zr, Nb and Th. Transformed data 
displayed identical results in regards to factor loadings. Thus, the two factor groupings 
represent the key elemental controls on BH UW1 sedimentation. 
 
Figure 6.7: Scree plot of variance. The point of inflection (where the line flattens) determines 
how many factors are extracted. In this case, there are two points lying to the left of the 




Figure 6.8: Factor loadings on two extracted components. Two components explain 82% of 
the total variance of the 162 measurements taken. 
 
 
Initial interpretation of the two factors yield several explanations and/or identifications. The 
factors could represent the primary mineralogical controls on the sequence. Factor 1 would 
represent aluminosilicate occurrence, particularly mica and clay minerals (Rb, K, Ba), 
whereas factor 2 (Zr, Nb, Th) would signify concentration in heavy minerals such as zircon 
and titanium-rich phases such as rutile and titanite. However, there are numerous possibilities 
as to what influences the system such as sedimentary provenance, recycling, weathering and 
bathymetric depth. These options are not clearly defined or determined and lead to highly 
sceptical interpretation. Thus, mineralogical association is the likely explanation for the 
grouping of variables (elements) and will be used for the palaeoenvironmental reconstruction 
in Chapter 7. 
 
Figure 6.9 clearly illustrates the underlying control on the geochemistry of BH UW1. 
Minimal sea-level change is determined from sedimentological analysis of BH UW1. 
However, a gradual regressive phase is evident moving up through the borehole. Figure 6.9 
illustrates the regressive phase, but based on geochemical data. Thus, the aluminosilicate and 
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heavy minerals components inferred from Figure 6.7 are influenced by bathymetric depth. As 
progressive shallowing occurs, heavy mineral and aluminosilicate influence increases. In the 
offshore interval, aluminosilicate and heavy mineral influence is low, possibly reflecting 
sedimentary recycling or weathering processes in the area. The combination of these two 
extremes produces a complex transition zone (Figure 6.9). The transition zone corresponds to 
the Illawarra-Shoalhaven Group boundary, but contains depth interval readings around 220 
m. The combination of depth interval readings of ~220 m and ~90 m may indicate localised 
subsidence in the study area. This would explain why geochemical signatures are related for 
both offshore (~220 m) and coastal (~90 m) in BH UW1. However, this is highly sceptical 
and needs considerable support from sedimentological analysis. The significance of PCA is 
discussed in Chapter 7 where the combination of geochemical and sedimentary methods is 




Figure 6.9: Score plot of BH UW1. Arrow is indicative of a gradual regression based on 22 
major and trace elements for each point. Each point corresponds to the depth (m) interval 








Figure 6.10 and 6.11 represent the values of the key minerals analysed in the depth interval 
log of BH UW1 and coastal outcrops. The starting point was located at approximately 296 m 
(1
st
 measurement). For the important minerals such as quartz, Figure 6.9 clearly illustrates the 
steady decline of quartz content (wt. %) upwards through the borehole. This demonstrates the 
naturally strong association of quartz and silica content, which also shows a gradual decline 
in concentration (Figure 6.11). These trends possibly correspond to changes in bathymetric 
depth, sediment dispersal, sedimentary provenance or volcanic activity (discussed in Chapter 
7). Supporting this notion is the considerable fluctuation of quartz in the upper 100 m of the 
borehole (corresponding to a noted transition into the overlying Pheasants Nest Formation). 
 
The distinctive increase in quartz is an isolated trend when compared to other major minerals. 
Feldspars such as albite, orthoclase and to a lesser extent labradorite show minimal variation 
(consistent wt. %) throughout BH UW1. This is accompanied by the consistent concentration 
of chlorite and kaolinite throughout the sequence. This represents the predominant chlorite 
(minor kaolinite) alteration of rock fragments (Section 5.1).  Increasing alteration of calcic 
plagioclase (laumontite) upwards through BH UW1 indicates that it may be the primary 
mineralogical control on the sequence.  Increase laumontite concentration is probably 
indicative of increasing volcanic activity from the offshore volcanic- island chain. 
Considerable fluctuation is present in the upper portions of BH UW1. Mineralogical 
concentrations decline or rise through BH UW1, until ~100 m. At 100 m, the trend is difficult 
to define. The sporadic occurrence of high or low mineral values can be explained by the 
weathering of the sample. However, the extremely high or low values can be explained by 
thin-section or XRD analysis. For example, the high calcite content for sample A35 was 
flagged as a possible error. However, thin-section analysis confirms the XRD recording and 
the sample is considered representative of BH UW1. The implication of these mineralogical 




















                                         
                                      
Figure 6.10: Mineralogical profiles: determination of distinct sedimentation stages (1-5). Examples from BH UW1. The stages identified are 
broadly similar to the geochemical trends (Figure 6.1 and 6.2). 
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Red Point, North Fishermans Beach 
 
Flagstaff Point, Stuart Park 
Figure 6.11: Mineralogical profiles: determination of sedimentation stages. Examples from coastal 
outcrops. The stages identified are representative of stage 3 within Figures 6.1 and 6.2). 
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This chapter presents a palaeoenvironmental model for the Shoalhaven-Illawarra Group 
boundary. This is set within the general evolutionary model of the Broughton (BF) and 
Pheasants Nest Formations (PNF). The model is based on the sedimentology, mineralogy and 
geochemistry of the geological units in the Wollongong area. The primary extrabasinal and 
intrabasinal processes within the Wollongong area are identified and described using existing 
literature on the Late Permian southern Sydney Basin. The depositional variables were then 
used to locate comparable depositional settings. It should be noted that the interpretation of 
the upper PNF is based on the small coastal outcrops at Towradgi and Bellambi Point. 
  
7.2 Depositional Variables 
 
Before the evolution of the Shoalhaven-Illawarra Group boundary is proposed, several 
depositional variables need to be considered to ensure intrabasinal and extrabasinal processes 
are accounted. Major variables include: 
 
(1) Weathering and sediment recycling 
(2) Source rock composition 
(3) Sedimentary transport 
(4) Palaeoclimate 
(5) Tectonics and sea level change 
 
By identifying the variables that influence sedimentation, the general evolution of the 
Shoalhaven-Illawarra Group boundary can be compared to analogous depositional settings. 
 
(1) Weathering and Sediment Recycling 
 
Modification of sedimentary rocks by metamorphism, weathering, transportation and 
sediment recycling can be explained by analysing alkali and alkaline earth elements (Nesbitt 
et al. 1980; Kronberg & Young 1981; Nesbitt & Young 1982; McLennan et al. 1995). The 
bulk geochemistry of sedimentary rocks can also be influenced by preferential heavy mineral 
concentration during transport processes. Therefore, the use of trace element ratios such as 
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Th/U vs. Th (McLennan et al. 1995) and La/Th vs. Hf (Floyd & Leveridge 1987) can 
determine the degree of sediment recycling and heavy mineral sorting (Zhen et al. 2010). 
Th/U ratios are proportional with the degree of weathering, so as weathering increases, the 
Th/U ratio increases as a result of oxidation and depletion of uranium (Taylor & McLennan 
1985; McLennan et al. 1995). Th/U values ratios above ~3.8 (upper continental crust/UCC) 
indicate a strong weathering history of the source rocks and significant recycling (Taylor & 
McLennan 1985). Sedimentary rocks of the BF and PNF predominately lie below the 
standard UCC of ~3.8 (Figure 7.1). This suggests that weathering was minimal or absent. 
Minimal amounts weathering indicate the immature sedimentary material was derived from 
the offshore volcanic-island chain, with only a short surface residence time. The trends 
observed can also be reflected by the La/Th vs. Hf plot (Figure 7.2; Floyd & Leveridge 
1987). The diagram indicates that sediments from both formations have undergone limited 
recycling, transportation and weathering with no discernible difference. This is reflective of 
the episodic volcanic activity and supply of volcaniclastic detritus from the volcanic island 
































(2) Source Rock Composition 
 
The La/Th vs. Hf plot developed by Floyd and Leveridge (1987) is used to discriminate 
between different arc and source components. Consistently low La/Th ratios (0.8-3.8) and Hf 
concentration (< 0.7-10 ppm) for all samples indicate derivation from a predominately felsic 
arc source with minor influence from a felsic/basic source (Figure 7.2). An isolated sample 
(HONS695) did record a high degree of sediment recycling, but this is not indicative of the 
overall sequence. There is no significant difference between the BF and PNF. This suggests 
that volcaniclastic detritus was derived from a single volcanic source (offshore volcanic-
island chain) across the Shoalhaven-Illawarra Group boundary. 
 
This is consistent with the sandstone petrology observed across the Shoalhaven-Illawarra 
Group boundary. Abundant mono- and poly-crystalline quartz andesitic and/or latitic rock 
fragments, albitised plagioclase displaying laumontite and chlorite alteration clearly indicate 
volcaniclastic input from a similar source. It is possible that the limited and inconsistent 
weathering within the source area indicate that the sediment was supplied from a rapidly 




Figure 7.2: Plot of La/Th vs. Hf for the BF and PNF  
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(3) Sedimentary Transport  
 
The homogenous, bioturbated, fine- to medium-grained sandstone (Facies 6) of the BF covers 
~65% of BH UW1. Whether these beds were deposited from single or multiple depositional 
events remains unclear. Sobhan (1998) suggested a possible combination of turbidite, 
tempestite and/or tidal influence could account for the thick offshore deposits. However, tidal 
influence was discounted based on the sharp internal contacts of structureless bedding, 
indicating a multiple depositional event.  
 
Low-diversity ichnological assemblages of the BF suggest post-event opportunistic 
colonisation characteristic of tempestite and sediment gravity processes (Vakarelov et al. 
2011).  Referring to the Late Cretaceous Songalio Basin, Liu et al. (2012) identified several 
clastic constituents of a local tempestite deposit. The constituents included: hummocky cross-
stratification (HCS), graded, massive, parallel and trough cross-bedding. The five separate 
units were interpreted to represent a complete storm deposit according to the Bouma 
sequence. Prevalent hummocky and/or swaley cross-stratification in the lower BF (Cas & 
Wright 1989; Hitchen 1997), middle BF (Barry 1997; Sobhan 1998) and upper BF indicate a 
storm-dominated nearshore setting, distributing sediment via wave action. Offshore intervals 
(tempestites) are predominately sandy due to nearshore erosion and redistribution of sediment 
by wave action (Einsele 1996). Einsele (1996) specified how the volume and frequency of 
tempestite deposits is directly proportional to sediment supply. Therefore, the frequent supply 
of volcaniclastic detritus into coastal waters from active volcanism during the BF allowed for 
extensive and thick deposits to form. The size and frequency of volcaniclastic event deposits 
is strongly dependant on the sediment discharge of rivers (Einsele 1996). 
 
A cool-cold temperate palaeoclimate aided the transportation of volcaniclastic detritus to the 
coastal zone where wave-action could distribute the sediment. A cold climate would have 
also reduced weathering of source material. Seasonal melting and volcanic activity released 
water from the snow, permafrost or ice and distributed it downstream by meltwater streams. 
Rapid sedimentation of immature sediment (Section 7.2.1), thick bedding and evidence of 
floral debris suggest that the meltwater contained a high sediment load. The streams or rivers 
carried rare fossil logs from the sparsely-vegetated coastal plains and transported it to a 
shallow marine setting (Hitchen 1997; Sobhan 1998). Subsequent gravity-emplaced and 
storm-influenced mechanisms such as sediment gravity flows, tempestites and turbidites 
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operated on the north-northeast tending shoreline and redistributed the 
incoming/unconsolidated fluvial sediment (derived from meltwater) offshore.                                     
 
Average northeast (~70˚) palaeocurrent directions from Barry (1997) are broadly similar to 
the present study. Barry (1997) suggested the planar cross-beds of the middle BF represent 
offshore currents depositing tempestites. The author has no reason to refute the findings (see 
Section 3.4.2). However, palaeocurrents directions in the lower BF show two perpendicular 
modes: north-northeast and northwest. The main northeast direction was interpreted as 
longshore currents oblique to the palaeoshoreline. The northwest component may represent 
tide-generated currents. However, the lack of tractional sedimentary structures in BH UW1 
and absent northwest palaeocurrents from coastal outcrops clearly indicates a minimal to 
absent tidal influence for the Wollongong area. Intense and frequent storm activity was 
clearly the dominant influence in the Wollongong area. The well-sorted fine- to medium-
grained volcaniclastic sediment was likely distributed along a north-east tending 




Palaeoclimatic modelling and interpretation of the Late Permian Sydney Basin has 
predominately indicated a cool-cold temperate setting. This is founded on the following 
features: 
 
(1) Palaeosols and vegetation: Strongly ferruginised palaeosols show lateral deformation 
of sub-surface layers that is analogous to the active layer of permafrost soils 
(Retallack 1999).  The permafrost soils developed in a humid, frigid climate that 
sustained a taiga forest life zone in the Late Permian (early Tatarian, 258 Ma) BF 
(Retallack 1999). 
(2) Ice-rafted dropstones/lonestones:  Cobble- to boulder-sized clasts are sporadically 
distributed across the southern Sydney Basin. The predominately intermediate 
volcanic clasts have been interpreted to be ice-rafted and released when the ice melted 
(Raam 1968; Gostin & Herbert 1973; Bowman 1974). 
(3) Palaeontology:  Faunal assemblages are characterised by large bivalves, brachiopods 
and bryozoan colonies indicative of a comparatively cold marine setting (Raam 1968). 
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(4) Glendonites: Flagstaff Point contains discrete examples of glendonite deposition.  
Glendonites are defined as a stellar pseudomorph of calcite after ikatite formed under 
near-freezing temperatures (< 4˚C; Carr et al. 1989). 
(5) Palaeoclimatic modelling: Climatic model simulations suggest warm temperate-
subtropical (Loughnan 1991), cool-cold temperate (Kutzbach & Ziegler 1993) and 
frigid conditions for the Permian in the Sydney Basin. 
(6) Preservation of well-formed feldspar and minor ferromagnesian minerals was 
supported by rapid deposition, burial and a cold climate in the BF and PNF (Sobhan 
1998). 
 
Sobhan (1998) proposed several other depositional features indicative of a periglacial climate 
with seasonal freezing and thawing. However, these features are not as established as the 
above examples. 
 
(5) Tectonic and Sea-level Change 
 
The Shoalhaven-Illawarra Group boundary was deposited during a third phase of flexural 
loading and compression in the southern Sydney Basin (phase 3 of Tye et al. 1996). The 
uplift and volcanism of the Hunter-Bowen Orgeny initiated phase 3 where the Sydney Basin 
developed into a retro-arc foreland basin of the New England Fold Belt (Scheibner 1993). 
The basin was bordered to the west by the Lachlan Fold Belt continental basement and to the 
east by the Currarong Orogeny (Jones et al. 1984). At the time of the Shoalhaven-Illawarra 
Group boundary, the offshore magmatic arc (coeval and linked with the Currarong Orogeny) 
was developing and supplying large amounts of volcanic detritus to the southern Sydney 
Basin. Extensive loading and evolution of the evolving foreland basin suggest tectonic 
conditions inhibited any eustatic effects on the southern Sydney Basin. Therefore, eustasy is 
an unlikely contributor to basin evolution as opposed to the interplay of local tectonics and 
sedimentation (i.e. relative sea level). 
 
Tempestite deposits in the BF are critical features for temporal sea-level fluctuations. 
Tempestite frequencies are generally higher than the Milankovitch periodicities (about 20, 40 
and 100 ka). A considerably large and rare mass flow deposit would range within a 
Milankovitch cycle (Einsele 1996).  Thus, the cyclic variations of intensity and seasonal 
distribution of incoming solar radiation may have affected sea-level during the BF.  However, 
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this was primarily masked by rapid sedimentation and gradual basin subsidence. This 
subsequently led to a wide-spread gradual regression during the BF. The homogenous, thick 
and continuous fine- to medium-grained sandstone within BH UW1 supports progressive 
aggradation and shallowing in a nearshore environment. The lack of bounding discontinuities 
or recognisable flooding surfaces in BH UW1 (this study), Shellharbour-Stuart Park outcrops 
(Barry 1997) and the Kiama Sandstone Member (Hitchen 1997) reinforce gradual sea level 
change in the BF. 
 
A homogenous, bioturbated, fine-to medium-grained sandstone within the uppermost BF 
follows discrete foreshore deposition. The interval may be part of a back-barrier tidal flat 
supporting the regressive theory. However, the textural similarities with the offshore 
sandstone may suggest a minor transgression that transpired in the uppermost BF. Localised 
subsidence of the upper shoreface and/or aggradations rates exceeding sea-level change may 
explain the transgression. The transgression was probably ephemeral and followed by a sharp 
regression. However, the resumption of the overall gradual regression cannot be discounted. 





















7.3 Evolution of the Shoalhaven-Illawarra Group Boundary 
 
7.3.1 Stage 1: Middle BF 
 
The middle parts of the BF crop out along the Shellharbour-Port Kembla coastline at 
intermittent distances (i.e. coastal points). The outcrops are considered to be laterally 
equivalent to BH UW1 at depths of 220-160 m. Textural homogenisation, uniform grain-size, 
subordinate conglomerate, Skolithos and Cruziana ichnfossils indicate an extended period of 
sedimentation periodically affected by storm-activity. Predominant hummocky cross-
stratification deposition recorded from Shellharbour to Pilot Station indicates minimal 
influence of tidal motion and suggests deposition below fairweather wave base (Barry 1997). 
Coastal sections consist of approximately less than 10% conglomerate and siltstone. Whereas 
BH UW1 contains < 5% conglomerate, which could actually be classified as granule 
sandstone. The discrepancy indicates that BH UW1 was deposited further offshore in respect 
to the coastal sections. This explains the uniform silty sandstone sequences. Uniform amounts 
of quartz, albite and laumontite recorded in the middle BF also suggest extensive offshore 
deposition (Stage 3 of Figure 6.2). Sporadic pulses of immature sediment interrupted the 
depositional norm. This sediment was probably derived from a proximal volcanic source 
located to the south-west based on magma-sediment interactions (Carr 1983, 83; Barry 1997).  
 
Petrographic and geochemical characteristics display similar tendencies of continual 
sediment supply with minor perturbations (Figure 6.1). Si, Ca, K, Ti and Al content show 
minor fluctuations corresponding to the relative uniformity of sediment deposition in the 
middle BF. The absence of well-defined sedimentary structures represents the complete 
biogenic homogenisation of sediment in the southeastern part of the Sydney Basin (local 
Wollongong area). Textural uniformity of the area probably corresponds to the extensive 
“upper offshore sand sheets” of the middle BF (Sobhan 1998). Sedimentary supply was 
consistently rapid and reworked via periodic storm-waves. 
 
Mineralogical and geochemical concentrations differ slightly between BH UW1 and coastal 
sections. This may be indicative of the proximity to the source area (i.e. higher concentrations 
found closer to the source). However, heavy erosion of the coastal samples may cause 




7.3.2 Stage 2: Upper BF  
 
The upper BF consists of distinct hummocky cross-stratification, swaley cross-stratification, 
cross and planar laminated fine-to medium-grained sandstone (Chapter 3). The outcrops are 
considered to be laterally equivalent to BH UW1 at depths of 160-100 m and lie above the 
Dapto Latite Member (i.e. north of Pilot Station, Port Kembla). Bedding characteristics 
indicate a slightly shallower depth than the preceding upper offshore sediments of the middle 
BF. Identification of amalgamated HCS, SCS, interbedded conglomerate and sandstone 
probably indicates deposition on the middle to upper shoreface. Variations in the content of 
quartz, albite and laumontite minerals reflect gradual changes to the depositional energy and 
intensity of volcanic activity, but no apparent change to the source of detrital sediments (i.e. 
offshore volcanic chain to the southeast). Minor fluctuation in the content of P, Fe and Si 
within BH UW1 at 144-143 indicates minor pulses of volcanic rich sediment introduced into 
the area via episodic eruptions (Figure 6.2). The gradual decline of Si and quartz content in 
the upper BF reflects the increased exposure to volcanic detritus caused by progressive 
shallowing (gradual regression) in the local area. The inverse relationship of quartz (Si) and 
laumontite (Ca) supports the notion of progressive shallowing and subsequent enrichment of 
volcanic detritus in the upper BF. Enriched sediments reflect the proximity to the source and 
indicate possible methods of sediment supply (i.e. river-derived). 
 
7.3.3 Stage 3: Shoalhaven-Illawarra Group Boundary 
 
The interpretation of the Shoalhaven-Illawarra Group boundary is solely reliant on the 
continuous nature of BH UW1. The coastal section at Stuart Park probably represents the 
uppermost portion of the BF. However, in order to develop a depositional and 
palaeoenvironment model for the transitional zone, sections from the western Sydney Basin 
need to be considered. 
 
The Shoalhaven-Illawarra Group boundary contains a range of coastal and nearshore 
depositional systems. Open marine facies (1-4) record lower offshore to shoreface water 
depths (Figure 3.1) with coastal/shoreline facies concurrent, but highly sceptical. The study 
identified a significant proportion of Facies 9 (cross-lamination) intervals overlying the basal 
offshore sediments, consequently supporting a deltaic interpretation as opposed to 
conventional nearshore conditions. Predominance of cross-lamination (Facies 9) and 
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subordinate evidence of storm activity indicates probable deposition on an inclined delta-
front complex that was constantly affected by tidal and wave-generated currents (Flores 
1974). However, the uniform grain-size, chemical and mineralogical signatures of the 
preceding offshore deposits indicate an absence of prodelta sedimentation. Sobhan (1998) 
reinforces this notion based on standard facies principles, such as the lack of fine-grained 
muds and silts that commonly precede delta front deposits. Therefore, the properties of both 
models will be examined.  
 
(1) Shallow Marine-Coastal Transition 
 
Coastal regions contain a complex sequence of coastal lagoons, estuaries and tidal flat 
environments formed by the lack of sediment required to form a delta (Prothero & Schwab 
2003). The Shoalhaven-Illawarra Group zone contained in BH UW1 consist of a relatively 
uniform basal fine-grained sandstone that abruptly changes into a 10-15 m succession of 
sharply bounded cross-laminated siltstone and minor inter-bedded granule sandstone (Figure 
7.3). Evidence of frequent storm-activity obtained from coastal outcrops prior to this 
transition suggests a possible prograding wave-dominated shoreface succession. The sheet-
like architecture of the middle- to upper BF sandbodies (Sobhan 1998), characterised by HCS 
and/or SCS (Stuart Park) can be interpreted to have been deposited in prograding wave-
dominated shoreface (Walker & Plint 1992). Amalgamated HCS located at Stuart Park 
(SCS?) is laterally equivalent to the uppermost parts of the BF in BH UW1, where it may 
represent the upper parts of the sandier-upward facies succession defined by Walker and Plint 
(1992). The succession consists of basal interbedded fine-grained sandstones containing 
predominately HCS and planar laminated beds that gradually thicken upwards into SCS 
sandbodies (Rosenthal & Walker 1987). The sequence is then capped by backshore 
sedimentary rocks characterised by seemingly structureless silty sandstone. Although the 
transitional zone contained in BH UW1 does not follow the exact facies arrangement defined 
above, the general bedding characteristics and arrangements do show a number of 
similarities. For example, the basal sections contain fine-grained sandstones (HCS or 
structureless) that gradually thicken upwards and intervene with slightly finer cross-laminated 
siltstone (middle section). In the upper parts, the cross-laminated sandstones are sharply 
interbedded with thin conglomerate beds for approximately 1 m. The sequence is then capped 
by a bioturbated, structureless, planar laminated sandstone possibly indicative of the 
backshore setting defined above.  The sporadic coarse-grained interbedded beds do not 
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disprove the current palaeoenvironmental proposal that is associated with predominant fine-
grained SCS shoreface successions. As possible river mouth deposition may explain the 
occurrence of coarse-grained sandstones and conglomerates. However, this local proposal for 
the Wollongong region does not fit previous reconstructions or descriptions for the 
Shoalhaven-Illawarra Group boundary (Sobhan 1998; Bamberry 1991; Bamberry et al. 
1995).  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
(2) Deltaic Transition 
 
Deltaic sedimentation is influenced by a combination of fluvial and marine processes. Thus, a 
stratigraphic model for a deltaic sequence can vary substantially. The fine-grained sandstone 
and siltstones of BH UW1 significantly reduce accurate discrimination of coastal and marine 
shelf facies (Bann et al. 2004). Basic deltaic morphology is defined as containing the 
complete facies arrangement of delta plain, delta front and prodelta deposits of a river 
(Bhattacharya & Walker 1992). The lack of muddy prodelta deposits significantly inhibits a 
deltaic reconstruction (Sobhan 1998). If deltaic sedimentation is considered, the basal 
portions of the transition zone are probably indicative of upper offshore (as opposed to lower 
shoreface) deposition that is gradationally overlain by delta front deposits. The lack of HCS 
and/or SCS evident in BH UW1 near the transition zone gives credence to delta front 
interpretation. The arrangement of Facies 2 and 10 shows a general coarsening-upward trend 
in grain size and bed thickness that suggest shallowing and progradation of a deltaic system 
(Folkestad et al. 2012).   Predominance of cross-lamination (Facies 9) and subordinate 
evidence of storm activity near the transition indicates probable deposition on an inclined 
delta-front complex that was constantly affected by wave-generated currents (Flores 1974).  
Additionally, carbonaceous laminae set within a fine-grained tuffaceous sandstone implies 
riverine discharge. This is supported by the low diversity and abundance of ichnofossils that 
are indicative of a stressed proximal prodelta setting (Dafoe et al. 2010). 
 
Delta interpretation based on BH UW1 (single borehole) is highly dubious as an extensive 
plan view and three-dimensional analysis of the Shoalhaven-Illawarra Group boundary is 
needed to define a deltaic complex. The limited width of the core reduces the possibility of a 





(3) Barrier System 
Wave-dominated shorelines in inter-deltaic or nondeltaic coastal regions subjected to abrupt 
or gradual regressive cycles form a barrier complex composed of multiple parallel beach 
ridges (Reinson 1992). The sharp upper contact between the upper offshore fine-grained 
sandstone, interbedded cross-laminated sandstone and conglomerate coastal deposits suggest 
a punctuated sea-level change. The arrangement of Facies 9 and 11 units display a general 
coarsening-upward trend in grain size and bed thickness that is indicative of a typical gravel 
beach deposit (Bourgeois & Leithold 1984; Nemec & Steel 1984; Massari & Parea 1988; 
Hiroki & Terasaka 2005). However, the proposal of a gravel beach deposit is dubious due to 
the fine-grained nature of the sequence and the position of BH UW1 (deepest parts of the 
southern Sydney Basin). Despite this discrepancy it is quite clear that foreshore deposition 
transpired, but the particular type remains uncertain. The gradual regression preceding the 
Shoalhaven-Illawarra Group boundary also reflects changes from offshore to shoreface 
regions. However, the development of an extensive barrier system may also reflect the acute 
shallowing observed by facies analysis (Sobhan 1998). The uppermost bioturbated, 
structureless, planar laminated sandstone (discussed earlier) may be indicative of tidal flat 
and/or lagoonal deposits.  
 
The proposal for the Wollongong region is similar to previous reconstructions or descriptions 
for the Shoalhaven-Illawarra Group boundary (Sobhan 1998; Bamberry 1991; Bamberry et 
al. 1995). Sobhan 1998 suggested that an extensive barrier system developed within the 
Sydney Basin and its western portions. This remains questionable for the Wollongong region. 
 
7.3.4 Probable Model 
 
The selection of a model for the Shoalhaven-Illawarra Group boundary is critical to the 
depositional interpretation of the overlying PNF. Despite, each model containing 
characteristics applicable to BH UW1, only the best fitting and thus most likely model will be 
chosen for subsequent discussion. The other models should still be acknowledged and 
considered for future study.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
 
Model 3 (barrier system) is considered to be the most probable depositional setting for the 
Shoalhaven-Illawarra Group boundary. The gradual evolution of the sequence from offshore, 
shoreface to coastal deposits within BH UW1 is extensively supported by similar facies 
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variations along the Shellharbour-Bellambi coast. The coastal outcrop at Stuart Park was the 
critical section influencing model choice.  The Stuart Park section (10-15 m) consists of 
predominately amalgamated HCS, structureless and low-angle laminated sandstone beds. A 
lower-middle shoreface succession is clearly implied by the sedimentary structures, which are 
depositionally similar to the interbedded cross-laminated and structureless sandstones in BH 
UW1 (foreshore deposits). The shoreface-foreshore deposits indicate wave-dominated 
nearshore conditions with seasonal fluvial discharge. The vertical facies changes displayed by 
both areas also constrain and support shoreface-foreshore deposition (Summerfield 1991). 
The rapid facies change within BH UW1 can be defined as a sharp regression or the 
development of an extensive barrier complex (Sobhan 1998). Since, the coastal outcrops at 
Stuart Park are interpreted to occur just before the distinct facies change, reliance on BH 
UW1 and previous interpretations is still sceptical.  
 
7.4 Illawarra Coal Measures- Cumberland Sub-Group 
 
7.4.1 Stage 4: PNF 
 
The lower parts of the PNF crop out along the Wollongong-Bellambi coastline at intermittent 
distances (i.e. coastal points). The outcrops are considered to be laterally equivalent to BH 
UW1 at depths of 80-5 m. Bedding characteristics indicate alluvial deposition dominated by 
interbedded, cross-stratified fine-grained sandstone and cross-laminated silty sandstone 
deposits indicative of alternating channel deposits (meandering system developed behind 
barrier) and overbank/floodplain intervals. Alternation between the two types of deposits is 
indicative of a meandering river system in the lower sections of an alluvial fan (Gibling & 
Rust 1984). The alluvial fan architecture cannot be determined from the segmented outcrops 
and analysis of one borehole. Thus, a broad discussion of the PNF is undertaken. 
 
Basal fine-grained sandstone display horizontal lamination, cross-lamination and convolute 
bedding. The fine-grained sandstone or siltstone partially corresponds to the laminated 
siltstones (Fl) of Miall (1978), indicating floodplain deposition during periods of high water 
table (McLoughlin & Drinnan 1996). The siltstone intervals suggest overbank flooding of 
distributor channels by meltwater floods or localised runoff (Tye & Coleman 1989). 
Associated fine- to medium-grained sandstone probably represents crevasse splay deposits 
caused by episodes of river flooding.  Underlying overbank deposits contains no evidence of 
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sub-aerial exposure indicating the flood events were quite frequent (seasonal?). Cool-cold 
temperate conditions constrained temperatures close to freezing point, buffered by snow-ice 
melting (Eyles et al. 2006). Consistent volcanic activity would possibly melt the ice, 
regardless of the season and discharge hyperconcentrated meltwater floods across the fluvial-
deltaic environment. Therefore, frequent flooding would explain the lack of sub-aerial 
features evident in interchannel areas. However, proximity of the floodplain, volcanic source 
and the ice margin are difficult to discern. BH UW1 is the closest borehole to the volcanic 
source in the Wollongong region. Theoretically, the deposit is possibly close to the perennial 
ice margin. It is possible that the PNF within BH UW1 may represent a proximal alluvial fan. 
 
The middle PNF is dominated by fluvial facies, which probably includes meandering river 
deposits in the lower-middle portions (see above) and braided river deposits within the upper 
part of the sequence. Beds predominately consist of medium-grained feldspathic litharenite 
displaying trough cross-bedding and less commonly planar cross-bedding. These structures 
correspond to Miall’s (1978) trough cross-bedded sandstone facies (St) and planar cross-
bedded sandstone facies (Sp). The cross-beds deposited as two- or three-dimensional 
migrating bedforms under high-energy conditions in a broad based coastal plain environment. 
Possible depositional settings include channel environments (bars, channel floor bedforms, 
etc.). Diagnostic linguoid, lateral and/or longitudinal bars form as a result of accumulative 
processes in braided systems (Khalifa & Catuneanu 2008). 
 
The upper parts of the PNF exposed at Towradgi and Bellambi Point contain single 30 cm 
sets or cosets of tabular cross-stratified sandstone. The set thickness ranges from 10 cm to 
200 cm, mostly 30-40 cm (Figures 3.4a, b). The deposits have been interpreted as braided 
fluvial deposits based on the occurrence of minor amounts of mudstone/siltstone, poor 
arrangement of constituent lithofacies and the abundance of erosional surfaces (Gibling & 
Rust 1984). Thus, the basal coastal plain deposits of the Shoalhaven-Illawarra Group 
boundary progressed into meandering river deposits of the lower PNF. Meandering deposits 
were proximal to the shoreline and coastal plain. Overlying braided channels developed 
further inland. Such evidence may be interpreted as the classical alluvial fan deposit, but the 





















Figure 7.3: Stratigraphic arrangement of the Shoalhaven-Illawarra Group boundary and 
possible palaeoenvironmental models. Numbers correspond to the three proposed systems of 
Stage 3 in Section 7.3.3. 
 
7.5 Similar Depositional Settings or Variables: Comparison with Literature 
 
The depositional variables described in Section 7.2 allow for fundamental exploration of 
similar depositional settings. However, all five variables are not going to be identical for 
other examples. The following examples are broadly similar to the depositional 
characteristics of the Late Permian southern Sydney Basin. Specifically, comparable deposits 
with the BF and PNF must be cited with caution due to tectonic and stratigraphic differences. 
 
(1) Case Study of the Lower Cretaceous Viking Formation, Hamilton Lake area, 
south-central, Canada 
 
Palaeoenvironmental uncertainty causes distinct considerable problems when interpreting 
ancient sedimentary deposits. Coarsening-upward units commonly resemble standard 
shoreface successions. However, subtle indicators of deltaic influence can be overlooked in 
standard coastal systems. The sedimentation and evolution of the Lower Cretaceous Viking 
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the nearshore environment (Dafoe et al. 2010). The ambiguity is broadly similar to the 
palaeoenvironmental reconstructions of the Shoalhaven-Illawarra Group boundary. 
 
The Viking Formation was deposited as a wedge-shaped clastic interval that prograded from 
the Cordilleran orogenic belt eastward into the foreland basin (Reinson 1994). Evidence of 
deltaic and normal-marine influence is indicated by shifting shore-parallel deltaic influence, 
source area and riverine discharge fluctuations (Dafoe et al. 2010). This is broadly similar to 
the mixed fluvial-deltaic and marine processes recorded at the Shoalhaven-Illawarra Group 
boundary. However, no fluctuation of the source area for the aforementioned boundary is 
noted in the present study (Figure 7.2). Homogenised, bioturbated and fine- to medium-
grained sandstone represents upper offshore to distal lower shoreface deposits (c.f middle-
upper BF). Pervasively burrowed silty sandstone is indicative of lower offshore sandsheets 
(c.f. lower-middle BF). The initiation of the Viking Formation by a relative fall in sea-level 
corresponds to the basal BF, whereby a gradual regression transpired for the duration of the 
entire formation. Disregarding the alternation of progradation and transgression within the 
Viking Formation, the division of the nearshore environment into three facies associations 
(delta front-Fa1, upper offshore -Fa2, lower offshore-Fa3) is similar to the arrangement of the 
BF (lower offshore, upper offshore, foreshore). The uncertainty of whether the succession is 
dominated by marine or deltaic influence is strongly comparable with the evolution of the 
Shoalhaven-Illawarra Group boundary. 
 
(2) Case Study of the Early Miocene Koura Formation, southwest Japan 
Volcaniclastic sedimentation and dispersal in Early Miocene Koura Formation, southwest 
Japan has distinct characteristics worth explaining, in the context of the Wollongong area 
(Kano 1991). The reworking of volcaniclastic detritus and subsequent deposition of shoreface 
and beach deposits is reasonably similar to the mechanisms taking place at the Shoalhaven-
Illawarra Group boundary. The WNW-ESE shoreline of a shallow lake surrounded by coastal 
marshes and alluvial systems aided the transportation of volcaniclastic sediment derived from 
explosive volcanism (Kano 1991). The rapid inflow of voluminous volcaniclastics and 
eruption deposits into the large shallow lake is broadly similar to the distribution of volcanic 
detritus to the coastal plain in the upper BF. Once transported to the coastal zone, wave-
action could distribute the large amount of sediment offshore. Similarly, the Koura Formation 
displays similar mechanisms of alluvial-fluvial transportation to the shallow lake where 
substantial loading transpired.  Similarly, substantial aggradation is present in the BF causing 
121 
 
progressive shallowing. It should be noted that the initial volcanism and sedimentation of the 
Koura Formation represents the early stages of back-arc or intra-arc rifting (Kano 1991). This 
is in contrast to the flexural loading and compression in the southern Sydney Basin (phase 3 




































Investigation of the Shoalhaven-Illawarra Group boundary via geochemistry, sedimentology 
and statistical methods has identified a complex depositional history influenced by a range of 
factors. Geochemical variations of the sedimentary sequences have shown a general trend of 
increased volcanic activity concurrent with a gradual regression initiated during the time of 
the Broughton Formation. Volcanic activity declined during the middle-upper Pheasants Nest 
Formation and was contemporaneous with a significantly different palaeoenvironmental 
regime. These general characteristics adhere to previous interpretation of the Broughton and 
Pheasants Nest Formations. However, sedimentological analysis has revealed several 
possible explanations for the Shoalhaven –Illawarra Group boundary. 
 
Abrupt facies changes across the aforementioned boundary suggest sharp sea-level fall, basin 
subsidence or shoreline progradation during the early stages of coastal barrier development. 
Distinct mineralogical and geochemical changes across the boundary clearly reflect a shift in 
palaeoenvironmental processes. The Broughton Formation was influenced by frequent storm 
currents depositing volcaniclastic sediment supplied to the area via northeast orientated 
longshore currents. Whereas, the basal Pheasants Nest Formation was controlled by poorly 
developed channels on a coastal plain. Principal component analysis revealed a set of six 
different elements, reduced into two controlling factors. Provisionally, the factors indicate 
that the Shoalhaven-Illawarra Group boundary is strongly influenced by aluminosilicate and 
heavy mineral concentrations. The aluminosilicate factor is clearly related to the abundance 
of strongly altered albitised feldspar in the examined sequence. Heavy mineral concentrations 
may be a measure of the maturity, recycling and transportation of the sediment derived from 
a local volcanic source. In this case, the sediment is immature. Cluster analysis revealed a 
similar trend, but with a broader identification of associated elements. 
 
This study has successfully provided a detailed description of the poorly understood and 
exposed Shoalhaven-Illawarra Group boundary. By covering all variables (geochemistry, 
mineralogy, sedimentology), the final evolutionary stage of the Shoalhaven Group is 
understood, particularly in the local Wollongong area where lack of outcrops has been an 
obstacle for previous researchers. The study also introduces the use of univariate and 
multivariate statistics to volcaniclastic systems. These are effective tools to minimise the data 
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into key components. Thus, the primary factors controlling the system are defined. It should 
be mentioned that the data is subject to scrutiny due to the early stages of hand-held XRF 
applications. However, if the device is used as a preliminary measure, the results can act as a 




Complete understanding of the Shoalhaven-Illawarra Group boundary still requires further 
depositional factors to be defined. The palaeoenvironmental reconstruction of the 
aforementioned boundary in the local Wollongong area may act as standard for future 
considerations. 
 
Complete mineralogical and geochemical trends of the Broughton Formation and Pheasants 
Nest Formation provide methods to gain a better understanding of the southern Sydney Basin. 
These techniques include: 
 
(1) Geochemical and mineralogical trends through the southwestern portions of the 
Sydney Basin, Gerringong-Wollongong area and the extensive boreholes in the 
broader Wollongong region. This will determine the broad-scale geochemical trends 
in the southern Sydney Basin. Thus, identifying the primary geochemical controls. It 
would also locate and account for local variations (i.e. present study), which may 
demystify certain geochemical, mineralogical and stratigraphic enigmas. 
(2) Additional drilling in the local Wollongong region would better identify the lateral 
continuity on the extent of the Figtree and Unanderra Coal Members. It may also 
contain important stratigraphic information of the Five Islands, Calderwood, 
Minnamurra and Berkeley Latite members. The lack of accessible outcrops of these 
units and their importance to the depositional history of the Illawarra Coal Measures 
justifies such research. 
Other research could focus on the depositional variables of the Late Permian southern Sydney 
Basin such as: 
 
(1) A detailed investigation of the Late Permian glacial influence and chemical 
weathering within the southern Sydney Basin. 
(2) The degree of weathering and sediment recycling, source rock composition and 
tectonic setting of the intervening Shoalhaven-Illawarra Group sediments (briefly 
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covered in this study). This could then be compared with the extensive geochemical 
research of the Late Permian latite members of the southern Sydney Basin (Carr 1980, 
1984, 1985). 
(3) Establishing the stratigraphic and regional extent of the Currarong Orogen (eastern 
foreland orogen). This would provide significant information on the tectonic history 
and development of the southern Sydney Basin, instead of the speculative and 
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Sample Locality/ Hole ID Depth (m) Thin Section XRD Hand-held XRF Laboratory XRF Brief Description 
AO1 BH UW1 295.95-294.75    HONS665 Intensely bioturbated coarse siltstone 
AO2 BH UW1 279.30-279.20    HONS666 Intensely bioturbated coarse siltstone 
AO3 BH UW1 270.51-270.46    HONS667 Bioturbated fine-grained sandstone 
A04 BH UW1 259.91-259.77    HONS668 Bioturbated fine-grained sandstone 
A05 BH UW1 245.16-244.99    HONS669 Bioturbated fine-grained sandstone 
A06 BH UW1 240.32-240.26    HONS670 Bioturbated fine-grained sandstone 
A07 BH UW1 235.07-235.01    HONS671 Bioturbated fine-grained sandstone 
A08 BH UW1 232.21-232.15    HONS672 Bioturbated fine-grained sandstone 
A09 BH UW1 224.15-224.00    HONS673 Bioturbated fine-grained sandstone 
A10 BH UW1 213.08-212.97    HONS674 Carbonaceous-rich siltstone 
A11 BH UW1 211.12-211.02    HONS675 Carbonaceous-rich siltstone 
A12 BH UW1 206.15-206.03    HONS676 Bioturbated fine-grained sandstone 
A13 BH UW1 195.63-195.57    HONS677 Bioturbated fine-grained sandstone 
A14 BH UW1 185.14-185.00    HONS678 Fine- to medium-grained sandstone 
A15 BH UW1 181.09-180.98    HONS679 Fine- to medium-grained sandstone 
A16 BH UW1 174.17-174.06    HONS680 Fine- to medium-grained sandstone 
A17 BH UW1 168.11-168.04    HONS681 Medium-to coarse Sandstone 
A18 BH UW1 165.00-164.95    HONS682 Fine- to medium-grained sandstone 
A19 BH UW1 158.22-158.14    HONS683 Highly weathered fine sandstone 
A20 BH UW1 157.35-157-26    HONS684 Highly weathered fine sandstone 
A21 BH UW1 149.88-149.82    HONS685 Coarse gravel lens 
A22 BH UW1 144.79-144.67    HONS686 Bioturbated carbonaceous siltstone 
A23 BH UW1 141.20-141.05    HONS687 Uniform fine-medium sandstone 
A24 BH UW1 136.20-136.10    HONS688 Laminated carbonaceous/coal lens 
A25 BH UW1 130.38-130.20    HONS689 Uniform fine-medium sandstone 
A26 BH UW1 126.50-126.41    HONS690 Uniform fine-medium sandstone 
A27 BH UW1 120.40-120.32    HONS691 Laminated siltstone/fine-grained  
A28 BH UW1 115.21-115.22    HONS692 Uniform fine-medium sandstone 
A29 BH UW1 110.20-110.10    HONS693 Uniform fine-medium sandstone 
A30 BH UW1 104.10-104.00    HONS694 Uniform fine-medium sandstone 
A31 BH UW1 101.75-101.68    HONS695 Uniform sand/minor coal lenses 
198 
 
Sample Locality/ Hole ID Depth (m) Thin Section XRD Hand-held XRF Laboratory XRF Brief Description 
A32 BH UW1 90.08-90.00    HONS696 Uniform fine-medium sandstone 
A33 BH UW1 74.00-74.32    HONS697 Uniform fine-medium sandstone 
A34 BH UW1 64.20-64.09    HONS698 Smooth carbonaceous silt/mud 
A35 BH UW1 48.22-48.10    HONS699 Medium-grained sandstone/silt lenses 
A36 BH UW1 44.10-44.02    HONS700 Uniform fine-medium sandstone 
A37 BH UW1 32.36-32.25    HONS701 Coarse gravel lens/ silt laminations 
A38 BH UW1 23.35-23.25    HONS702 Tuffaceous sandstone 
A39 BH UW1 20.20-20.11    HONS703 Tuffaceous sandstone 
A40 BH UW1 14.03-13.90    HONS704 Stratified well-sorted conglomerate 
BPO1 Barrack Point      Coarse-grained gravel lens 
BPO2 Barrack Point      Remanet CS to massive  sandstone 
BP03 Barrack Point      Fine- to medium massive  sandstone 
BP04 Barrack Point      Fine- to medium massive sandstone 
BP05 Barrack Point      Fine- to medium CS sandstone 
BP06 Barrack Point      Coarse-grained gravel lens 
BP07 Barrack Point      Fine- to medium-grained HCS sandstone 
BP08 Barrack Point      Fine- to medium-grained HCS sandstone 
WI01 Windang Island      Yellow-green remanet CS sandstone 
WI02 Windang Island      Yellow-green CS sandstone 
WI03 Windang Island      Yellow-green remanet CS sandstone 
WI04 Windang Island      Fine- to medium-grained CS sandstone 
WI05 Windang Island      Fine- to medium-grained HCS sandstone 
WI06 Windang Island      Fine- to medium-grained HCS sandstone 
WI07 Windang Island      Fine- to medium-grained CS sandstone 
WI08 Windang Island      Fine- to medium-grained HCS sandstone 
WI09 Windang Island      Highly weathered massive sandstone 
WI10 Windang Island      Highly weathered massive sandstone 
WI11 Windang Island      Highly weathered massive sandstone 
RP01 Red Point      Bioturbated structureless sandstone 
RP02 Red Point      Fine-grained laminated sandstone 
RP03 Red Point      Bioturbated structureless sandstone 
RP04 Red Point      Bioturbated structureless sandstone 
RP05 Red Point      Medium-grained HCS sandstone 
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Sample Locality/Hole ID Depth (m) Thin Section XRD Hand-held XRF Laboratory XRF Brief Description 
RP06 Red Point      Medium-grained HCS-SCS sandstone 
FB01 Fishermans Beach      Fine- to medium-grained sandstone  
FB02 Fishermans Beach      Fine- to medium-grained sandstone  
FB03 Fishermans Beach      Fine- to medium-grained sandstone 
FB04 Fishermans Beach      Fine- to medium-grained sandstone 
FB05 Fishermans Beach      Fine- to medium-grained HCS sandstone 
FB06 Fishermans Beach      Fine- to medium-grained HCS sandstone 
FB07 Fishermans Beach      Fine- to medium-grained HCS sandstone 
NB01 North Beach      Fine-grained (massive) sandstone  
NBO2 North Beach      Fine- to medium-grained massive  
NB03 North Beach      Fine- to medium-grained SCS/HCS s 
NB04 North Beach      Fine- to medium-grained SCS/HCS  
NB05 North Beach      Fine- to medium-grained HCS/SCS  
FH01 Flagstaff Point      Medium-grained Sandstone (Massive) 
FH02 Flagstaff Point      Medium-grained Sandstone (Massive) 
FH03 Flagstaff Point      Granule sized Sandstone  
FH04 Flagstaff Point      Medium-grained Sandstone (Massive) 
FH05 Flagstaff Point      Medium-grained Sandstone (Massive) 
FH06 Flagstaff Point      Medium-grained Sandstone (Massive) 
FH07 Flagstaff Point      Medium-grained Sandstone (Massive) 
SP01 Stuart Park      Fine- to medium-grained SCS/HCS s 
SPO2 Stuart Park      Fine- to medium-grained SCS/HCS s 
SP03 Stuart Park      Fine- to medium-grained SCS/HCS s 
SP04 Stuart Park      Fine- to medium-grained SCS/HCS s 
SP05 Stuart Park      Fine- to medium-grained SCS/HCS s 
TP01 Towradgi Point      Medium to Coarse-grained Cx sandstone 





















Trace Element XRF Results
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Laboratory XRF (BH UW1) – Trace Elements 
 
Element Depth  Cl V Cr Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr 
Dimension m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
HONS665 295 73 27 96 32 16 26 68 14 < 0.5 4 1 < 0.5 73 245 23 271 
HONS666 280 168 87 111 29 20 34 79 17 2 5 1 1 66 347 26 226 
HONS667 270 165 76 117 31 18 34 77 15 < 0.5 4 1 < 0.5 74 300 22 217 
HONS668 260 132 141 68 37 30 50 78 17 2 10 1 1 65 402 25 164 
HONS669 246 58 186 96 23 17 42 91 17 1 3 1 < 0.5 70 429 20 145 
HONS670 240 50 190 69 18 16 35 71 17 1 3 0 < 0.5 57 450 21 130 
HONS671 235 151 101 38 15 9 32 64 14 < 0.5 3 0 < 0.5 95 454 21 138 
HONS672 232 86 200 62 25 17 32 82 18 2 2 0 < 0.1 33 471 21 123 
HONS673 224 135 56 < 1.0 30 6 37 78 17 < 0.5 3 0 < 0.5 58 471 21 148 
HONS674 213 102 38 80 25 25 29 100 17 < 0.5 9 1 < 0.5 122 323 26 242 
HONS675 211 156 40 89 16 27 30 127 15 < 0.5 8 1 < 0.5 66 329 28 232 
HONS676 206 53 166 105 14 19 19 68 14 2 5 1 0 54 325 19 167 
HONS677 195 129 52 96 30 16 30 83 16 < 0.5 5 1 < 0.5 60 297 22 177 
 
Element Nb Mo Cd Sn Sb Cs Ba La Ce Hf Ta W Hg Pb Bi Th U 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
HONS665 9 < 1.0 < 0.5 5 < 3.0 < 4.0 373 22 60 2 < 1.0 3 < 1.0 14 1 10.1 4.3 
HONS666 8 < 1.0 < 2.0 1 < 3.0 < 4.0 383 19 48 4 < 1.0 3 < 1.0 12 1 8.2 4.3 
HONS667 7 < 1.0 < 2.0 4 < 3.0 < 4.0 487 10 39 4 < 1.0 3 1 12 < 0.1 8.1 3.1 
HONS668 6 < 1.0 < 2.0 3 < 3.0 < 4.0 552 < 2.0 < 2.0 4 < 1.0 3 < 1.0 17 1 6.1 2 
HONS669 6 < 1.0 1 1 < 3.0 < 4.0 565 < 2.0 32 4 3 < 1.0 1 12 < 1.0 6.1 1.6 
HONS670 5 < 1.0 < 2.0 < 3.0 < 3.0 < 4.0 395 16 39 4 2 1 < 0.4 9 < 1.0 5.6 1.6 
HONS671 4 < 1.0 < 2.0 < 3.0 < 3.0 < 4.0 1354 < 2.0 27 6 < 1.0 3 < 0.5 11 1 5.8 6.4 
HONS672 5 < 1.0 < 2.0 4 < 3.0 < 4.0 182 12 < 0.9 3 2 < 1.0 < 1.0 9 < 1.0 4.8 1.4 
HONS673 5 < 1.0 < 2.0 < 3.0 < 3.0 < 4.0 280 11 57 2 < 1.0 2 0 12 1 6.3 3.4 
HONS674 10 < 1.0 < 0.7 5 < 3.0 < 4.0 599 28 68 3 < 1.0 2 < 1.0 17 1 11.5 4.5 
HONS675 10 < 1.0 < 3.5 5 < 3.0 < 4.0 306 29 59 4 < 1.0 < 1.0 1 16 1 9.9 3.5 
HONS676 6 < 1.0 < 2.0 4 < 3.0 < 4.0 338 28 < 1.7 3 1 1 < 1.0 15 < 1.0 6.5 2 




Laboratory XRF (BH UW1) – Trace Elements 
 
Element Depth Cl V Cr Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr 
Dimension  m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
HONS678 185 216 65 50 33 14 24 83 17 < 0.5 6 1 0 67 437 23 151 
HONS679 181 135 166 131 20 17 22 77 16 2 3 0 0 55 408 20 163 
HONS680 174 96 173 100 19 20 22 96 15 1 4 0 < 0.5 57 322 20 158 
HONS681 168 206 147 56 52 16 49 105 18 < 0.5 9 1 < 0.5 48 363 26 165 
HONS682 165 99 203 63 26 15 34 84 16 2 5 0 0 41 384 24 153 
HONS683 158 69 83 32 38 12 29 124 17 < 0.5 13 1 < 0.5 56 335 23 177 
HONS684 157 51 165 82 20 15 19 72 14 2 5 0 0 43 322 19 166 
HONS685 149 79 321 67 23 17 37 104 18 < 0.1 < 0.5 < 0.1 < 0.5 65 403 29 151 
HONS686 144 181 111 17 57 7 57 101 18 < 0.5 5 1 < 0.5 60 587 25 178 
HONS687 141 116 264 58 27 23 43 85 14 1 2 0 0 57 520 23 126 
HONS688 136 112 120 15 44 7 49 72 18 < 0.5 8 1 < 0.5 42 546 24 158 
HONS689 130 56 189 84 20 19 36 77 17 < 0.5 4 1 < 0.5 60 367 24 198 
HONS690 126 122 107 7 27 14 54 98 19 < 0.5 10 1 < 0.5 46 450 23 201 
 
Element Nb Mo Cd Sn Sb Cs Ba La Ce Hf Ta W Hg Pb Bi Th U 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
HONS678 6 < 1.0 < 0.6 5 < 3.0 < 4.0 462 16 54 2 < 1.0 3 < 0.5 11 1 7.7 3.5 
HONS679 6 < 1.0 1 2 < 3.0 < 4.0 435 27 30 4 2 < 1.0 < 1.0 10 < 1.0 6.1 1.8 
HONS680 5 < 1.0 < 2.0 3 < 3.0 < 4.0 400 < 2.0 23 5 2 < 1.0 0 12 < 1.0 6 1.1 
HONS681 6 < 1.0 < 2.0 2 < 3.0 < 4.0 378 21 37 2 < 1.0 4 < 1.0 9 < 0.2 7.1 1.9 
HONS682 6 < 1.0 1 2 < 3.0 < 4.0 263 19 55 4 2 1 < 1.0 12 < 1.0 5.5 1 
HONS683 6 < 1.0 < 0.8 1 < 3.0 < 4.0 388 29 79 2 < 1.0 1 < 1.0 12 1 7.8 4.1 
HONS684 5 < 1.0 1 5 < 3.0 < 4.0 242 17 30 4 1 < 1.0 < 1.0 10 < 1.0 5.1 1.4 
HONS685 6 < 1.0 < 2.0 < 3.0 < 3.0 < 4.0 557 < 2.0 25 2 3 < 1.0 1 12 < 1.0 5.8 1.5 
HONS686 6 < 1.0 < 1.1 4 4 < 4.0 425 19 < 2.0 2 < 1.0 3 < 0.6 7 1 6.4 3.4 
HONS687 4 < 1.0 < 2.0 < 3.0 < 3.0 < 4.0 429 < 2.0 < 2.2 3 3 < 1.0 < 1.0 6 < 1.0 4.8 1.8 
HONS688 5 < 2.2 < 2.0 < 3.0 < 3.0 < 4.0 304 < 2.0 32 2 < 1.0 4 < 1.0 10 1 5 2.4 
HONS689 8 < 1.0 < 2.0 3 2 < 4.0 308 24 53 5 3 < 0.7 1 14 < 1.0 8.1 1.1 
HONS690 6 < 1.0 < 0.3 < 3.0 < 3.0 < 4.0 242 5 50 3 < 1.0 2 < 1.0 19 1 6.7 2.1 
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Laboratory XRF (BH UW1) – Trace Elements 
 
 Element Depth Cl V Cr Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr 
Dimension m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
HONS691 126 89 171 30 23 13 56 71 16 < 0.5 2 0 < 0.5 46 481 22 166 
HONS692 115 49 200 11 37 19 38 94 17 < 0.5 3 1 < 0.5 129 556 22 146 
HONS693 110 204 151 66 32 22 40 96 19 < 0.5 5 1 < 0.5 43 396 24 222 
HONS694 104 124 167 63 17 16 26 64 16 1 7 0 < 0.5 57 393 20 163 
HONS695 101 194 79 < 1.0 9 10 26 79 16 < 0.5 11 1 0 60 569 27 214 
HONS696 90 283 166 45 18 12 28 96 20 2 5 < 0.1 1 59 528 33 294 
HONS697 74 398 68 < 1.0 43 5 27 96 24 < 0.5 4 1 1 92 582 30 277 
HONS698 64 83 53 < 1 42 11 51 71 22 < 1 2 1 < 1 44 514 33 266 
HONS699 44 88 86 14 14 5 22 41 5 < 0.1 1 0 0 72 486 11 74 
HONS701 32 390 75 14 6 6 17 78 19 2 2 1 1 159 485 27 275 
HONS702 23 126 94 41 18 6 16 64 19 1 0 1 1 74 4056 21 147 
HONS703 20 140 38 13 < 3.7 4 11 56 13 2 1 0 0 55 307 23 227 
HONS704 14 220 171 20 19 10 37 89 21 1 < 0.5 0 < 0.5 67 242 20 140 
 
Element Nb M Cd Sn Sb Cs Ba La Ce Hf Ta W Hg Pb Bi Th U 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
HONS691 6 < 1.0 1 < 3.0 5 < 4.0 387 20 48 4 4 < 0.7 1 10 < 1.0 6.1 0.8 
HONS692 5 < 1.0 < 2.0 < 3.0 < 3.0 < 4.0 2495 8 < 2.0 2 < 1.0 2 < 1.0 7 1 5.9 5.9 
HONS693 6 < 1.0 < 0.6 3 < 3.0 < 4.0 285 12 48 4 < 1.0 2 0 10 < 1.0 7.5 2.7 
HONS694 6 < 1.0 < 2.0 0 < 3.0 < 4.0 282 25 61 4 2 1 < 0.4 16 < 1.0 6.7 1.6 
HONS695 9 < 1.0 < 2.0 1 < 3.0 < 4.0 317 15 77 10 7 1 < 1.0 15 < 0.5 10.9 3.7 
HONS696 12 < 1.0 0 < 3.0 < 3.0 < 4.0 302 21 < 1.5 7 2 < 1.0 < 1.0 22 < 1.0 14.1 3.3 
HONS697 11 < 1.0 < 3.0 3 < 3.0 < 4.0 313 18 83 3 < 1.0 5 < 1.0 15 2 10.1 4.4 
HONS698 9 < 1 < 1 3 < 3 < 4 344 < 2 54 5 < 1 4  20 1 13.2 5.2 
HONS699 3 < 1.0 < 0.3 2 3 < 4.0 475 16 27 < 0.7 2 1 < 1.0 6 < 1.0 4.7 3.4 
HONS701 10 < 1.0 < 2.0 2 < 3.0 < 4.0 804 27 97 6 2 1 < 1.0 26 < 1.0 19.3 6.2 
HONS702 4 < 1.0 1 3 < 3.0 < 4.0 1315 19 45 3 16 < 1.0 1 18 < 1.0 10 15.9 
HONS703 9 < 1.0 < 2.0 9 < 3.0 < 4.0 425 37 60 4 4 0 < 1.0 23 < 1.0 17.8 6.3 



















Average Hand-held XRF Results (BH UW1)
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Average Hand-held XRF Results (BH UW1)  
 
 
Element Depth S Cl V Co Ni Cu Zn Rb Sr Zr Nb Mo Cd Sn Sb Cs 
Dimension  m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A01 295 4650.9 261.97 226.64 < LOD 60.73 30.003 56.728 38.19 161.48 220.79 8.2725 < LOD < LOD < LOD 47.28 127.56 
A02 280 7032.1 310.86 238.35 < LOD 56.173 38.22 69.063 35.48 218 160.04 8.37 < LOD < LOD 27.97 < LOD 129.32 
A03 270 9500 215.24 290.95 < LOD 51.265 32.88 49.147 38.983 199 139.16 6.9067 < LOD < LOD 30.105 < LOD 129.98 
A04 260 4046.5 333.97 349.27 < LOD 71.09 50.05 70.887 28.963 287.3 103.11 5.24 < LOD < LOD < LOD < LOD 133.53 
A05 246 35073 351.51 152.55 258.04 53.887 46.943 212.39 38.837 285.12 108.55 5.49 < LOD < LOD < LOD < LOD 137.19 
A06 240 3995.5 304.71 232.61 < LOD 59.79 39.145 87.34 28.62 325.22 110.95 5.915 < LOD < LOD < LOD < LOD 129.62 
A07 235 3059.8 260.61 416.53 < LOD 65.8 34.363 70.08 49.827 310.39 102.4 5.4367 < LOD < LOD 31.75 < LOD 139.79 
A08 232 1083.4 398.7 260.11 < LOD 65.647 44.607 81.087 17.813 309.89 93.103 4.88 < LOD < LOD < LOD < LOD 133.77 
A09 224 2508.9 377.89 267.93 < LOD 60.455 35.74 64.55 31.355 313.83 115.37 5.76 < LOD < LOD 32.45 41.26 132.51 
A10 213 10911 264.16 288.7 < LOD 54.993 40.79 69.153 61.993 238.99 169.89 9.7067 3.465 < LOD 30.84 < LOD 142.68 
A11 211 28134 248.03 242.53 < LOD 61.83 33.843 87.637 35.493 230.57 179.23 10.15 < LOD < LOD 30.72 < LOD 123.18 
A12 206 6840 312.05 280.62 < LOD  28.68 87.637 28.153 200.55 141.72 6.3933 < LOD < LOD 31.3 < LOD 124.23 
A13 195 75881 294.37 238.58 < LOD  24.74 49.673 29.54 287.46 113.96 6.57 < LOD < LOD < LOD < LOD 129.87 
 
Element Ba Hf Ta W Hg Pb Bi Th U Se Re Pd Ag As Au Re Sc 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A01 654.42 < LOD < LOD < LOD < LOD < LOD 8.53 11.31 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 29.17 
A02 690.67 < LOD < LOD < LOD < LOD < LOD 6.055 8.56 8.29 < LOD < LOD < LOD < LOD < LOD < LOD < LOD 42.57 
A03 765.9 < LOD < LOD < LOD < LOD < LOD 9.125 9.7433 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 38.305 
A04 804.87 < LOD < LOD < LOD < LOD < LOD < LOD 5.8933 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 53.125 
A05 976.33 < LOD < LOD < LOD < LOD 7.36 6.35 7.7967 < LOD < LOD < LOD < LOD < LOD 4.86 < LOD < LOD < LOD 
A06 697.52 < LOD < LOD < LOD < LOD < LOD < LOD 6.68 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 65.32 
A07 1527.8 < LOD < LOD < LOD < LOD < LOD < LOD 6.1833 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 59.967 
A08 496.02 < LOD < LOD < LOD < LOD < LOD < LOD 5.5233 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 59.73 
A09 642.87 < LOD < LOD < LOD < LOD 12.7 7.38 7.85 < LOD < LOD < LOD < LOD < LOD < LOD 6.75 < LOD 61.08 
A10 782.73 < LOD < LOD < LOD < LOD 8.81 8.44 11.103 7.38 < LOD < LOD < LOD < LOD 5.71 < LOD < LOD 29.71 
A11 615.56 < LOD < LOD < LOD < LOD < LOD 9.2267 11.943 < LOD < LOD < LOD < LOD < LOD 4.65 < LOD < LOD 43.01 
A12 634.03 < LOD < LOD < LOD < LOD < LOD 6.875 9.1833 8.58 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 
A13 753.75 < LOD < LOD < LOD < LOD < LOD < LOD 6.05 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 
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Average Hand-held XRF Results (BH UW1)  
 
Element Si Ti Al Fe Mg Mn Ca K P Bal 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A01 363362.8 3046.808 53309.23 20920.66 12812.8 434.57 17054.39 12445.45 1278.92 512860.1475 
A02 295851.6 3877.96 55897.81 29084.91 < LOD 619.25 23656.44 11360.26 476.555 562435.9167 
A03 306780.3 3835.837 55426.66 27385.05 < LOD 548.6067 23616.16 16799.08 715.44 546451.3967 
A04 279708.4 3735.203 65942.31 38131.54 < LOD 721.4933 33737.08 11911.56 567.3933 552310.3967 
A05 234316 3579.847 57165.07 33285.78 < LOD 796.4733 64960.14 14870.27 867.1467 549112.7733 
A06 267050.1 3738.135 70363.28 39193.03 < LOD 897.97 44429.09 11989.3 797.08 549779.75 
A07 277629.9 3608.077 68659.42 31700.92 < LOD 854.3333 36037.99 18692.54 1265.067 546117.54 
A08 275018.9 3897.003 71423.86 42269.06 < LOD 1028.94 46596.46 7352.42 1036.663 542203.3967 
A09 277259.5 3671.085 72914.32 33832.44 < LOD 791.86 42243.72 13110.32 1124.605 545405.13 
A10 325407.5 3174.017 57970.05 24621.55 < LOD 506.67 18230.39 17185.31 598.49 532196.0833 
A11 305936.7 3387.057 55144.08 24621.55 < LOD 549.4133 25046.08 10739.56 524.1267 533498.13 
A12 319408.4 3275.86 54904.14 29032.59 < LOD 687.1333 26980.25 10807.18 569.41 538567.44 
A13 236230.6 2833.52 43796.41 27765.67 < LOD 644.22 50686.23 9133.39 1987.68 545322.63 
 
Element Depth S Cl V Co Ni Cu Zn Rb Sr Zr Nb Mo Cd Sn Sb Cs 
Dimension  m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A14 185 7656.9 323.93 357.09 < LOD 58.6 24.913 62.08 36.097 276.57 130.22 7.5367 < LOD < LOD 30.85 < LOD 137.67 
A15 181 7265.3 294.56 266.3 < LOD 59.06 24.433 57.807 29.05 284.42 105.19 5.6133 < LOD < LOD 26.21 34.77 131.92 
A16 174 1632.9 370.15 265.7 < LOD 54.03 30.177 53.607 29.127 218.58 121.43 4.4333 < LOD < LOD 30.28 < LOD 135.58 
A17 168 2481 392.03 476.74 < LOD 89.215 45.09 49.767 31.29 239.5 146.24 8.11 < LOD < LOD < LOD < LOD 133.82 
A18 165 3495.9 363.4 325.01 < LOD 68.2 43.985 92.745 25.25 242.62 124.99 7.175 < LOD < LOD < LOD < LOD 117.22 
A19 158 8688.3 318.54 273.52 < LOD 65.6 39.703 53.795 30.207 220.95 130.88 5.7967 < LOD < LOD < LOD < LOD 125.87 
A20 157 4219.5 347.4 262.91 < LOD 61.92 32.533 136.59 21.713 207.85 118.92 5.7633 < LOD < LOD < LOD 42.575 134.24 
A21 149 298.76 500.66 426.59 < LOD 70.457 35.19 67.877 32.7 302.26 112.38 5.47 < LOD < LOD 36.165 45.91 140.35 
A22 144 7023 405.66 368.31 < LOD 69.058 57.014 80.758 41.554 399.97 169.29 7.565 < LOD < LOD 36.607 < LOD 146.17 
A23 141 1784.8 532.98 330.5 < LOD 80.985 51.465 66.158 29.07 379.71 103.85 5.695 < LOD < LOD 35.2 < LOD 144.34 
A24 136 9150.9 600.76 283.84 < LOD 61.673 50.285 88.448 24.62 350.34 138.75 7.045 4.32 < LOD 34.235 < LOD 137.45 
A25 130 5518.7 372.29 321.76 < LOD 68.33 38.945 104.14 32.535 241.14 142.73 8.385 < LOD < LOD 31.583 34.21 136.13 




Average Hand-held XRF Results (BH UW1) 
 
 
Element Ba Hf Ta W Hg Pb Bi Th U Se Re Pd Ag As Au Re Sc 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A14 796.9 < LOD < LOD < LOD < LOD 8.92 11.09 13.167 < LOD < LOD < LOD < LOD < LOD 4.98 < LOD < LOD 59.43 
A15 749.95 < LOD < LOD < LOD < LOD < LOD 9.71 9.68 7.36 < LOD < LOD < LOD < LOD < LOD < LOD < LOD 44.077 
A16 718.81 < LOD < LOD 45.54 < LOD < LOD 6.95 7.3167 < LOD < LOD < LOD < LOD < LOD 5.42 < LOD < LOD 43.66 
A17 874.08 < LOD < LOD < LOD < LOD < LOD 9.425 11.235 10.58 < LOD < LOD < LOD < LOD < LOD < LOD < LOD 72.1 
A18 630.72 < LOD < LOD < LOD < LOD < LOD 7.745 10.285 < LOD < LOD < LOD < LOD < LOD 4.73 < LOD < LOD 41.11 
A19 688.74 < LOD < LOD < LOD < LOD < LOD 7.51 8.9267 7.63 < LOD < LOD < LOD < LOD 6.28 < LOD < LOD 52.41 
A20 588.9 < LOD < LOD < LOD < LOD < LOD < LOD 5.7 < LOD < LOD < LOD < LOD < LOD 4.725 < LOD < LOD 38.47 
A21 854.46 < LOD < LOD < LOD < LOD < LOD 9.17 7.5875 < LOD < LOD < LOD < LOD < LOD < LOD 7.26 < LOD 72.805 
A22 801.42 < LOD < LOD < LOD < LOD 11.18 7.795 8.558 < LOD < LOD < LOD < LOD < LOD 6.31 9.47 < LOD 69.45 
A23 837.46 < LOD < LOD < LOD < LOD < LOD 9.08 7.995 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 77.855 
A24 685.98 < LOD < LOD < LOD < LOD 7.33 7.19 8.195 < LOD < LOD < LOD < LOD < LOD 4.43 < LOD < LOD 75.135 
A25 661.61 < LOD < LOD < LOD < LOD 8.14 8.0867 9.5 < LOD < LOD < LOD < LOD < LOD 4.86 < LOD < LOD 58.797 
A26 669.35 < LOD < LOD < LOD < LOD < LOD 8.03 9.56 < LOD < LOD < LOD < LOD < LOD 5.725 < LOD < LOD 82.89 
 
Element Si Ti Al Fe Mg Mn Ca K P Bal 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A14 282711.3 4397.293 66116.47 40758.22 < LOD 925.9467 34338.65 13780.36 995.67 538889.8167 
A15 301944.7 3433.273 62623.33 31691.49 < LOD 751.6767 34984.26 10584.3 710.4167 537073.5833 
A16 312168.5 3336.023 59442.95 30767.66 < LOD 732.1333 32366.44 11449.34 675.1167 539343.6467 
A17 264570.5 5912.525 66801.1 62898.23 < LOD 1316.135 40010.33 10742.56 1955.72 534935.095 
A18 283583.2 4227.07 67860.02 45397.93 < LOD 984.55 32640.77 9186.58 1358.43 543051.345 
A19 279844.7 3848 55358.9 36583.39 < LOD 793.25 30946.2 11388.59 419.59 563186.17 
A20 312163.1 3349.18 55113.64 33735.87 < LOD 749.0667 31500.96 8515.957 720.9733 541929.21 
A21 252857.6 5144.685 70041.85 62332.64 < LOD 1257.305 43869.5 10512.28 1037.005 545251.565 
A22 254369.9 4558.896 73348.2 50280.49 < LOD 969.518 40561.75 11654.19 1044.842 547041.088 
A23 244455.9 4739.168 72222.89 58332.86 < LOD 1297.045 56561.09 9216.545 1826.635 541265.4075 
A24 249634.5 4381.718 72895.17 48626.8 < LOD 928.115 45000.14 9407.53 1251.96 549625.6425 
A25 299925.7 4053.73 66687.93 39006.6 < LOD 798.1 31756.82 12182.24 929.635 528157.8075 




Average Hand-held XRF Results (BH UW1) 
 
Element Depth S Cl V Co Ni Cu Zn Rb Sr Zr Nb Mo Cd Sn Sb Cs 
Dimension  m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A28 115 517.62 399.78 331.95 < LOD 85.57 47.863 83.878 64.343 389.37 103.01 6.77 3.7 < LOD 33.967 < LOD 166.4 
A29 110 2548.1 463.83 288.35 < LOD 72.743 44.15 84.558 21.943 275.33 108.39 6.335 < LOD < LOD 35.567 < LOD 137.68 
A30 104 6364.7 368.28 236.93 < LOD 49.493 36.79 58.613 33.008 264.26 125.99 5.8825 < LOD < LOD 33.795 43.31 140.68 
A31 101 4187 407.7 313.91 < LOD 58.88 36.9 60.785 32.22 343.96 140.07 8.43 < LOD < LOD 28.69 < LOD 137.07 
A32 90 815.84 556.01 200.5 < LOD 54.56 26.05 58.947 33.63 340.39 148.75 7.535 < LOD < LOD 33.98 < LOD 130.86 
A33 74 15593 695.24 117.76 < LOD 52.49 38.89 70.6 44.565 418.35 224.53 12.04 < LOD < LOD 26.29 40.88 123.83 
A34 64 4867.6 474.43 244.56 < LOD 57.42 51.02 119.52 19.95 379.11 182.91 9.1125 < LOD < LOD 25.74 37.82 118 
A35 44 16905 225.79 63.4 < LOD 69.537 43.313 61.36 36.68 226.02 61.52 4.38 3.805 < LOD 33.427 45.46 142.91 
A37 32 652.65 365.39 243.66 < LOD  26.193 54.81 62.595 347.54 173.02 8.57 < LOD < LOD 31.21 < LOD 134.65 
A38 23 < LOD 333.91 323.97 < LOD 59.84 20.11 55.907 41.497 3906.1 119.47 6.0433 < LOD < LOD < LOD < LOD 140.42 
A39 20 210.36 537.87 165.08 < LOD  24.985 52.77 27.903 221.08 203.66 8.0433 < LOD < LOD 26.55 40.31 123.94 
A40 14 372.35 473.02 362 < LOD 62.68 48.34 94.948 33.47 169.57 113.69 6.25 < LOD < LOD 35.41 < LOD 143.29 
 
Element Ba Hf Ta W Hg Pb Bi Th U Se Re Pd Ag As Au Re Sc 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A28 2404.1 < LOD < LOD 43.12 < LOD 11.865 < LOD 6.78 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 136.39 
A29 644.58 < LOD < LOD < LOD < LOD < LOD < LOD 7.0275 < LOD < LOD < LOD < LOD < LOD 6.62 < LOD < LOD 61.863 
A30 668.53 < LOD < LOD 40.51 < LOD 8.69 7.38 7.9475 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 59.02 
A31 683.73 < LOD < LOD < LOD < LOD 12.39 10.427 11.197 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 59.217 
A32 635.57 < LOD < LOD < LOD < LOD < LOD 8.475 11.5 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 69.41 
A33 583.17 < LOD < LOD < LOD < LOD 11.45 9.17 10.935 9.8 < LOD < LOD < LOD < LOD < LOD < LOD < LOD 52.6 
A34 573.76 < LOD < LOD < LOD < LOD 14.88 10.663 11.655 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 75.26 
A35 865.72 < LOD < LOD < LOD < LOD 23.29 < LOD 5.6325 < LOD < LOD < LOD < LOD < LOD 8.52 < LOD < LOD < LOD 
A37 976.56 < LOD < LOD < LOD < LOD 9.075 15.765 16.465 9.18 < LOD < LOD < LOD < LOD < LOD < LOD < LOD 46.723 
A38 1463.2 < LOD < LOD < LOD < LOD < LOD 7.64 8.53 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 
A39 606 < LOD < LOD < LOD < LOD 9.065 15.61 16.16 8.7867 < LOD < LOD < LOD < LOD < LOD < LOD < LOD 68.93 





Average Hand-held XRF Results (BH UW1) 
 
Element Si Ti Al Fe Mg Mn Ca K P Bal 
Dimension ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
A28 230958.1 4984.038 70101.1 60582.27 13561.42 1173.07 75245.89 18649.16 3617.36 525362.94 
A29 264933.8 4002.85 64802.71 48129.8 10276.99 946.0575 48515.64 8468.46 1514.625 544948.705 
A30 280069.3 3170.15 64200.5 34193.37 < LOD 770.83 58238.07 12313.5 833.3525 534741.7525 
A31 259837.3 3632.62 73815.21 40744.81 < LOD 848.63 44920.1 10911.74 996.0267 551303.21 
A32 278067.2 3142 75485.64 39947.99 < LOD 885.725 41612.37 11628.11 600.865 536770.22 
A33 248709.2 3526.215 69520.45 35819.98 < LOD 784.955 44536.39 14675.81 1547.035 555415.03 
A34 245776 3194.59 77415.68 36217.99 < LOD 686.1325 47269.58 6927.355  572468.735 
A35 116029.4 2379.938 37968.16 28114.72 < LOD 1449.65 328995.3 11484.54  509744.7825 
A37 311108.7 1928.183 70656.98 20679.97 < LOD 696.89 26296.66 16662.36 618.4767 543473.7525 
A38 312980.9 2402.167 69747.08 20278.33 < LOD 853.8167 17616.73 14778.7 1388.043 548763.6033 
A39 308702.6 1734.907 62839.15 8195.38 < LOD 415.69 37450.54 9797.627 622.005 568379.5667 




















XRD Reults (BH UW1) 
Sample A01 A02 A03 A04 A05 A06 A07 A08 A09 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 
Chi Squared 4.95 4.8 5.49 4.26 2.92 5.4 7.07 6.18 2.85 4.69 4.54 5.74 4.3 6.3 6.09 8.58 5.48 9.68 5.59 
Phases                    
Quartz 46.4 26.5 26.8 16.9 8 4.2 6 3.2 4.4 32.9 41.1 29.6 30.9 10 17.8 14.8 17.8 7.6 21 
Albite(low) 15.7 32.5 28.7 33.8 25 32.2 32.5 33.7 24.1 14.8 24.7 21.8 32.5 34.2 31.8 29.6 40.1 41.3 37.5 
Labradorite 0.5 0 0 0 0.8 0 0 0 6.4 3 0 0 0 0 0 0.1 0 0 0 
Orthoclase 1 9.3 4.2 9.8 10.5 10.5 10.6 15.9 6.9 9.3 11.9 4.4 5.9 9.1 10.4 6.6 8.2 9.4 2 9 
Muscovite 3.7 0 1.6 3.4 0 0 0 0 0 5.2 0.4 0 0 0 0 0 0 0 0 
Biotite 0 0 0.3 0 3.7 0 0.9 0 4 2.7 0 0 0 0.2 0 0 0 0 0 
Calcite 1 0 0.5 0.7 1.2 1.9 1 1.5 1.3 1.9 0 0 0.5 0 0.7 0.8 0.1 1 0.1 2 
Siderite 
(rhomb) 
0.2 0.4 0.3 0.9 1.9 0.5 0.2 0.2 1.6 0.3 0.8 0.1 0.4 0.3 0.3 0.2 1.3 0.2 1.3 
Ankerite 0 0 0.4 0.2 0 0 0 0 0 0 0 0 0 0.2 0.2 0 0.2 0.1 0 
Pyrite 0.2 0.9 1.3 4.2 1.2 0.2 0 0.2 0.6 0.6 1.6 0.8 0.5 0.6 1 0.2 0.5 0.9 1.2 
Hornblende 0 0 0 3 6.1 0.1 2.8 2.5 4.6 0 0 0 0.1 2 1.6 1.8 0 0 0 
Augite 2 0 1 0 2.3 0.8 2.3 0.6 1.5 1.8 0.5 0 0.8 0 0.5 1.2 0.8 2.5 1 0 
Illite 1 0 0 0 0.6 1 0 0 0 2 0 0.2 0 0 0 0 0 0 0 0.6 
Mixed layer 
illite 
3.8 2.2 0.3 0.5 10.8 3.5 0.3 0.3 9.7 4.1 3 0.3 0.3 0.3 0.3 0.3 0.5 0.2 0.4 
Kaolin 5 6.8 2.8 3 4.2 6.6 4.7 6 4.6 1.8 2.6 5.2 4.3 5.4 4.5 7.3 8 7.7 6.8 
Chlorite 7.3 8.6 11.6 6.7 5.9 5.4 7.9 9.6 5.7 11.6 8.6 12.2 9.4 9.7 10.5 14.9 6.5 10.8 7.2 
Laumontite 7.2 14.8 15 11 10.7 32.3 26.5 33.8 12.2 10.6 10.5 22.7 11.4 25.4 23 21.6 10.5 27.9 12.2 
Epidote 0 0.1 0 0 0.8 0 0 0 1 0 0.2 0 0 0 0 0 0 0 0 
Pumpellyite 0 1.3 0 1.3 4.6 0.8 0 0 4 0 1.2 0 0.5 0 0 0 1.6 0 0 
Prehnite 0 0 0 0 1.3 0 0 0 1.2 0 0 0 0 0 0 0 0 0 0.7 
Zircon 0 0 0.3 0.1 0 0 0 0 0 0 0 0.2 0.3 0 0.1 0 0 0.1 0 






XRD Reults (BH UW1) 
 
Sample A20 A21 A22 A23 A24 A25 A26 A27 A28 A29 A30 A31 A32 A33 A34 A35 A37 A38 A39 A40 
Chi Squared 7.63 6.84 4.88 5.69 6 6.49 5.72 7.36 5.51 3.02 8.88 7.33 6.66 4.86 5.33 3.86 5.84 8.38 7.19 6.8 
Phases                     
Quartz 20.9 0.3 0 0 1.3 17.4 10.2 1.3 1.1 9.8 12.7 0.3 6.5 5.6 0.4 0 17.1 9.3 18.5 0.6 
Albite(low) 32.3 38.3 29.1 26.9 29 30.7 32.2 34.4 5.6 26.4 24.7 24.5 22.4 12.2 26 15 18.5 60 18.1 38.6 
Labradorite 0 0 1.6 0 0 0 0 0 1.9 1.2 0 0 0.5 0 2.7 0 1.9 4.5 0.2 1.3 
Orthoclase 1 3.5 7.6 8.1 7.6 7.4 6.8 5.9 6.2 17.4 6.2 6.3 8.4 10.7 13.4 7.5 6.9 8.6 5.5 7.1 10.7 
Muscovite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.2 0 2.3 0 0 
Biotite 0 0.4 0 0.8 0 0 0 0.1 1.4 3.8 0 0 0 0 2.2 0 0 0 0 0.6 
Calcite 1 0 0.3 0 7.1 0 0.2 0 1.1 1.1 2.1 1.9 0 0 0.2 0.9 70.6 0.5 2.3 0.1 0.8 
Siderite 
(rhomb) 
0 0.3 0 0.3 0.6 0.1 0.2 0.5 0.5 1.7 0 0 0.4 0.8 0.8 0.3 0 0.4 0 0.5 
Ankerite 0 0.3 0 0 0 0 0 0.4 0 0 0 0 0 0 0 0 0 0 0 0.4 
Pyrite 0.8 0 0.7 0.1 1.8 0.7 1.7 0.5 0 0.6 1.4 0.8 0.2 0.2 0 0 0.2 0.4 0 0.1 
Hornblende 3.2 2.2 1.8 3.7 2.5 0 0 0.2 5.3 5.9 1.6 1 0 0 0 0 0.8 2.1 0.5 0 
Augite 2 0.6 3.8 4.2 6.6 1.8 1.1 3.5 2.8 4.7 2.3 0 2.1 0.9 0 0 0.8 0.1 3 0 0.1 
Illite 1 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 
Mixed layer 
illite 
0.2 0.3 0.4 0.4 0.4 0.3 3.1 0.3 0.4 10.3 0.3 0.3 0.3 4.4 0.4 0.3 3.9 1.5 4.7 0.3 
Kaolin 7.4 5.7 5.1 4.2 1.1 4.4 6.8 4.6 5.9 4.2 5.6 4.7 9.3 9.9 7.9 1.1 5.6 3.9 5 9.4 
Chlorite 11.4 14.6 11 12.2 14.3 15.3 8.2 12.5 12.3 6.4 10.1 11.6 10.4 6.3 10.4 2.4 9.5 4.6 3.4 14.8 
Laumontite 19.3 25.6 35.9 29.9 39.8 22.7 27.6 34.9 42.1 8.4 35.3 46.3 38.3 46.7 40.3 0.6 33.3 0 42.4 21.6 
Epidote 0 0 0 0 0 0 0 0 0 1.7 0 0 0 0 0 0 0 0 0 0 
Pumpellyite 0 0 1.8 0 0 0 0.6 0 0.3 5.8 0 0 0 0 0 0 0 0 0 0 
Prehnite 0 0 0 0 0 0 0 0 0 0.3 0 0 0 0 0 0.7 0 0 0 0 
Zircon 0.3 0 0 0 0 0.2 0 0 0 0.2 0 0 0 0 0.2 0 0 0 0 0 





XRD Reults (BH UW1) 
 
Sample BP01 BP02 BP03 BP04 BP05 BP06 BP07 BP08 WI01 WI02 WI03 WI04 WI05 WI06 WI07 WI08 WI09 WI10 WI11 
Chi Squared 4.53 6.64 5.6 5.92 5.15 5.69 4.02 7.35 5.83 5.88 6.52 7.3 6.25 5.15 3.95 6.38 4.63 5.52 6.12 
Phase                    
Quartz 1 6 10.9 14.9 0 6.4 0 0 7.2 11.1 2.7 0.9 2.9 2.3 28.8 1.4 5.9 7.6 12.1 
Albite(low) 36.5 36 28.5 31.7 42.9 26.5 11.9 12.7 44.9 31.9 26.4 11.9 28.5 10.2 34.6 16.3 36.6 26 27.9 
Labradorite 4 0 0 0 0 0 26.5 24 0 0 8.5 6.3 0.6 1.8 0 4 0 0.4 0 
Orthoclase 1 20.6 4.9 5.8 4.3 1.5 3.5 21.3 18.8 9.3 7.4 9.8 11.8 7.5 13.3 0 9.5 10.6 12.2 3.8 
Muscovite 2.3 0 0 0 0.4 0 5.1 7 0 0 0 0 0 0 0.1 0 0 0 0 
Biotite 0.2 0 0 0 1.2 0.4 0 0 0 0.1 0 0 0 0 0 0 0 1 0 
Calcite 1 0.1 0.6 0 0.8 2.3 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 
Siderite 
(rhomb) 
0 0 0 0 1.3 0 0 0 0 0 0 0 0 0 0.8 0 0.1 0.2 0 
Ankerite 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0.1 0 0 0 0 
Pyrite 0 0.4 0.4 0.6 1.4 0.7 0.2 0 0.5 0.7 0 0 0.4 0.1 0 0.4 0.8 0.5 0.9 
Hornblende 1.5 2.9 0 1.3 3.7 0.3 4.3 0.1 0.3 0 0 0 0 0 2.6 0 0.8 0 6.4 
Augite 2 4 3.2 2.3 3.3 1.5 2.2 16.2 21.8 0 0 0 1.6 0 0 0 0.1 0 1 0 
Illite 1 1.5 0 0 0 1.7 0 0 2.4 0 0 0 0 0 0 2.5 0 0 0 0 
Mixed layer 
illite 
10.3 3.3 3.8 0.3 0.4 5.6 1.7 0.7 0.4 3.6 5.1 5.9 5.2 6.5 1.7 6 0.4 0.3 3.7 
Kaolin 1.2 1.7 2 2.2 3.9 4.3 1.3 2.3 1.7 1.1 2.6 2.5 1.1 3.8 24.7 1.7 2.6 0.2 2.2 
Chlorite 7.3 2.4 4.9 2.9 2.1 3.7 5.7 6.2 2.5 1.8 1.7 7.3 4.1 1.6 2.6 5.4 0.7 4.9 0.9 
Laumontite 8.2 35.5 37.7 33.8 30.2 42.6 0.7 0.1 26.8 39.3 36.3 47.3 45.7 51.9 0.3 51 35.7 41.6 38.1 
Epidote 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pumpellyite 0 0 0 0 1.7 0 3.8 2.4 0.3 0 2.1 0 0 1.9 0 0.1 0 0 0 
Prehnite 0 0 0 0 0 0 0 0 0 0 1.2 0.6 0 0.7 0 0 0 0 0 
Zircon 0 0 0 0.1 0.2 0 0 0 0.3 0 0 0 0 0 0 0 0 0.1 0 




XRD Reults (BH UW1) 
 
Sample RP01 RP03 RP04 RP05 RP06 RP07 FB01 FB02 FB03 FB04 FB05 FB06 FB07 NB01 NB02 NB03 NB04 NB05 FH01 
Chi Squared 5.84 4.7 5.02 4.51 6.06 5.66 4.44 13.08 5.4 3.92 5.23 5.4 3.75 3.7 3.76 3.73 4.3 3.83 3.85 
Phase                    
Quartz 5.8 30.5 34.3 14.7 15.2 13.3 35.8 0.7 40.8 49.6 46 37.4 49.5 41.6 38.5 45.4 24.5 35.4 29.5 
Albite(low) 13.7 18.7 18.8 38.7 33.6 26 32.3 0 20.6 6.5 1.9 17.4 25.9 46 43.3 27.8 44.9 41.2 21.8 
Labradorite 39.7 0 0 0 0 0 0 9.4 0 0 0 0 0 0 0 0 0 0 0 
Orthoclase 1 2.4 0 0 0 0 0 2.5 9.2 2.7 4.2 5.2 1.2 2 0 0 0 0 0 0 
Muscovite 0 4.7 1.7 0 0 0 0.7 5.8 1.3 5.6 1.6 0.1 2.5 0 3.2 6.6 4.7 4.7 3.5 
Biotite 0 0 0 0 0 0 0 47.1 0 0 0 0 0 0 1.6 0 0 0 0 
Calcite 1 12.2 0 0 0 0 0 0 0.8 0 0 0 0 0 0 0.2 0.1 2.3 0.5 27.6 
Siderite 
(rhomb) 
1.3 0.1 1 4.1 2.4 4.3 1 1.8 1 0.4 1 1.1 0.7 0.7 0.2 0.2 0.3 0.3 1.1 
Ankerite 0 13 4.1 18.5 10.7 13 0.1 1.3 0.3 0 0 8.3 0.9 0.5 0.4 0.5 1.1 0.6 3.5 
Pyrite 0 0 0 0 0 0 0.4 0.5 0.7 1.2 0.4 0.2 0.5 0.2 0.6 0.7 0.5 0.9 0.2 
Hornblende 1.3 0.3 2.6 0.9 0.1 1.1 0.1 2.7 0.3 3 0 0 1.3 1.3 1.7 2.1 4.1 1.1 1.8 
Augite 2 6.6 0.6 0 0.4 0.9 1.4 0 0 0 0 0 0.1 0 0 0.3 0 0 0 0.5 
Illite 1 0.3 6 4.7 3 1.7 1.6 1.1 4.1 0.8 5.2 2.7 1.2 3.7 2.6 4.7 6.9 4.6 5.2 3.4 
Mixed layer 
illite 
0.4 0.4 2.3 1.3 1 1.4 0.4 10.3 0.4 0.5 0.4 0.3 0.4 0.4 0.4 0.4 1.9 0.4 0.4 
Kaolin 3.3 7.3 21.4 10.4 19.1 17.6 20.9 4.5 24.4 17.4 31 20.5 8.4 5.3 0 3 4.3 3.5 4.2 
Chlorite 3.6 1.1 2.3 1.7 1.9 1.6 2.3 0.5 5.2 2.2 4.1 3.5 1.6 0.6 2.3 1.1 2.3 1.5 0.3 
Laumontite 0 0 0 0 0 0 0.6 0 0 0 0.3 0 0.1 0 0.2 0.1 0 0 0 
Epidote 0.7 1.3 0 1.3 0 0 0 0 0 1 2.3 0.6 0.7 0 0.2 0 0 0 0 
Pumpellyite 7.4 11.1 6.8 4.9 13.3 18.4 0.7 0 0 0 1.3 7.3 0 0 0 0 0 0 1.5 
Prehnite 0 0 0 0 0 0 0 1.2 0 0 0 0 0 0 0 0 0 0.3 0 
Zircon 0.6 0.4 0 0 0 0 0.7 0.2 1.3 0.8 0.9 0.8 0.7 0.6 1 0.6 0.5 0.5 0.6 




XRD Reults (BH UW1) 
 
Sample FH02 FH03 FH04 FH05 FH06 FH07 SP01 SP02 SP04 SP05 TP01 BT01 
Chi 
Squared 
6.38 5.41 3.86 5.2 6.12 4.38 4.91 4.97 5.59 4.44 5.22 5.34 
Phase             
Quartz 21 9.5 22.4 23.5 29.4 35.2 37.5 34.8 23.5 36.5 4.1 1.3 
Albite(low) 28.3 38.2 26.3 31.2 42.6 31.2 25.2 17.9 27.8 16.1 67.4 30.7 
Labradorite 0 0 0 0 0 0 0 0 0 0 0 0 
Orthoclase 
1 
0 0 0 0 0 0 0 0 0 0 6.5 3.4 
Muscovite 0 5.3 0.8 0.4 1.6 3.7 2.9 0 0.1 0 0 2.9 
Biotite 0.6 0 0 1.8 0 0 0 0 0 0 0 0 
Calcite 1 6.6 24 36.5 11.7 5.9 9.9 4.5 7.5 12 7.7 0 49.4 
Siderite 
(rhomb) 
4.2 3.3 2.8 5.6 3 3.3 1 0.8 0.6 0.8 0.6 0.2 
Ankerite 2.4 4.2 0.4 0.8 0.6 1.3 0.6 0 0.5 0 0.4 0 
Pyrite 1.7 0 0.1 0 0.7 0.7 0.4 0.2 0.2 0.1 0.1 0 
Hornblende 0.6 1.7 2.3 4.4 2.3 2 2.3 3.7 2.3 3.3 0 0 
Augite 2 0 0 0 0.2 0 0 2 1.9 0 1.5 0 0 
Illite 1 8.4 1.5 0.5 3.7 1.5 4.1 4.4 5 2.2 1.6 0 0 
Mixed layer 
illite 
14.6 1.5 1.5 1.3 0.4 0.3 1.5 1.6 0.4 1.7 2.6 1.3 
Kaolin 8.5 7.4 4.5 9.3 8.1 5.3 6.7 10.2 9.6 10.8 2.4 3.8 
Chlorite 2.3 1.9 1.5 5 2.8 1.7 10 15 18.9 18.3 5 4.7 
Laumontite 0 0 0 0.1 0.1 0 0 0.1 1.3 0.4 9.3 0 
Epidote 0 0 0 0 0 0 0 0 0 0 0 0 
Pumpellyite 0 1.3 0 0 0 0 0 0 0 0 0 0 
Prehnite 0 0 0.2 0.8 0 0 0 0 0 0 0.6 1.4 
Zircon 0.2 0.3 0 0.2 0.7 0.7 0 0 0.3 0 0.3 0 



















Description: A data reduction tool that partitions multivariate observations (i.e. a sample) 
into homogenous classes (Templ et al. 2008). This is based on distance measures used to 
establish the similarity between observations in multivariate space. The distance measures 
include Euclidean, Manhattan or Ward’s method. For this study, the Ward’s method was 
chosen (explained below). The Ward method applies an ANOVA approach to calculate the 
distance between clusters. The technique can be used for grouping samples/cases (Q-mode) 
or variables (R-mode; elements). Cluster analysis is often applied in geochemical studies as 
an “exploratory data analysis tool”, used to determine the data structure.  
 
Requirements/Assumptions:  
1. Geochemical data needs to be converted into one unit (i.e. ppm) and standardised (Z-
score; MAD). 
2. It is preferable if the geochemical data is normally distributed (via log-
transformation). This is dependent on the cluster structure of a particular variable 
(element). 
 
Process and Output 
After standardisation (Z-score) and the selection of a distance method, R-mode or Q-mode 
cluster analysis can be undertaken. An agglomeration schedule determines a solution for 
every possible number of clusters. The optimum number of clusters to use is determined by 
the centre column ‘coefficients’ and the ‘stage’ column, where the difference between the 
coefficient values becomes progressively insignificant. This signifies that the addition of 
more clusters will have little distinguishable influence. A dendrogram provides a visual 
method for this process and often supports the agglomeration schedule 
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Principal Component Analysis 
 
Description: Principal component analysis is a form of factor analysis that aims to reduce the 
data set into meaningful ‘factors’ that will help explain the variation of multivariate data and 
identify underlying data structures (Reimann et al. 2002). 
 
Requirements/Assumptions:  
1. Geochemical data needs to be converted into one unit (i.e. ppm) and standardised 
(Z-score; MAD). 
2. It is preferable if the geochemical data is normally distributed (via log-
transformation). This is dependent on the cluster structure of a particular variable 
(element). 
3. Cronbach α (reliability analysis) = > 0.65, factors do not loading highly on more 
than one component (discussed below). 
 
 
Process and Output: Standardisation is automatic for PCA in SPSS. After the selection of 
the particular distance measure and variables, the analysis can be undertaken. The first table 
produced is the standard correlation matrix measuring the relationship between selected 
variables. The ensuing communalities (estimated) table is redundant in PCA, but estimates 
the variability in each variable/element that is shared with others and not attributable to 
measurement error or elemental variance. The subsequent scree plot (Fig. 6.5) and total 
variance table displays how many factors have been extracted. This is determined by how 
many components have an eigenvalue >1 and the “point of inflection” displayed by the scree 
plot. Both approaches should verify each other. The unrotated factor loadings are presented 
next (redundant). The component matrix table depicts the variables that load highly on each 
extracted component. Thus, labelling of the factor can be provisionally undertaken at this 
stage. However, the user must ensure that the variables are not highly loaded (>0.5) for more 
than one factor. In this case, two components have been extracted containing three variables 
> 0.5. No variables contain values of > 0.5 for more than one component. The rotated 
component matrix is presented next and displays factor loadings following varimax rotation. 




































 N Mean Std. Deviation Minimum Maximum 
Cu 170 40.9852 12.67804 16.08 94.11 
Ba 171 806.5736 364.51353 203.87 2849.31 
Bal 174 550372.4058 28062.34585 400006.03 686004.56 
Nb 173 7.0798 2.34006 3.49 21.89 
Cr 140 94.5492 29.44070 26.66 180.70 
V 172 258.0742 103.32753 51.44 641.64 
P 143 1178.9173 766.65375 419.59 5880.00 
Cl 173 382.9286 119.23625 84.36 853.51 
S 165 12028.0015 25654.96242 160.20 234315.03 
Cs 169 135.0500 12.96616 68.74 184.11 
Th 174 9.1725 3.03140 4.14 18.83 
Zn 174 95.6026 69.93198 33.03 533.48 
Fe 174 37485.2647 12411.48173 7437.83 84023.33 
Zr 174 136.6579 40.30780 47.87 264.27 
Sr 174 359.8817 478.95134 131.86 4060.44 
Rb 174 36.1339 17.59696 8.00 130.98 
Mn 174 877.8578 284.83949 314.27 2333.35 
Ti 174 3581.9183 1011.68636 1235.34 7460.23 
Ca 174 49329.5513 50391.98115 14937.20 347831.66 
K 174 12379.1722 5214.74547 2704.23 43820.87 
Si 174 262348.1030 49962.47997 53360.76 444105.38 


















 Cu Ba Bal Nb Cr V P 
Chi-Square 37.698 30.516 45.926 36.719 37.481 44.785 26.453 
df 7 7 7 7 7 7 7 
Asymp. Sig. .000 .000 .000 .000 .000 .000 .000 
 
 Cl S Cs Th Zn Fe Zr 
Chi-Square 40.528 36.058 14.865 18.196 24.761 77.690 34.457 
df 7 7 7 7 7 7 7 
Asymp. Sig. .000 .000 .038 .011 .001 .000 .000 
 
 
Sr Rb Mn Ti Ca K Si 
Chi-Square 63.369 48.243 34.898 78.605 51.628 34.054 47.768 
df 7 7 7 7 7 7 7 





Asymp. Sig. .264 
 
 
a. Kruskal Wallis Test. 



















 Sum of Squares df Mean Square F Sig. 
Cl Between Groups 479367.096 7 68481.014 5.747 .000 
Within Groups 1966005.664 165 11915.186   
Total 2445372.760 172    
Cs Between Groups 2542.732 7 363.247 2.275 .031 
Within Groups 25701.664 161 159.638   
Total 28244.396 168    
Cu Between Groups 6179.651 7 882.807 6.815 .000 
Within Groups 20984.175 162 129.532   
Total 27163.826 169    
Te Between Groups 3820.755 7 545.822 1.258 .275 
Within Groups 70313.975 162 434.037   
Total 74134.730 169    
 
Test of Homogeneity of Variances 
 
 Levene Statistic df1 df2 Sig. 
Cl .972 7 165 .454 
Cs 1.296 7 161 .255 
Cu 1.122 7 162 .351 





















 Statistic df Sig. Statistic df Sig. 
Cu 1 .237 11 .084 .801 11 .010 
2 .107 34 .200* .958 34 .207 
3 .086 25 .200* .974 25 .739 
4 .149 15 .200* .975 15 .929 
5 .292 10 .015 .712 10 .001 
6 .266 5 .200* .875 5 .288 
7 .207 5 .200* .918 5 .516 
8 .231 5 .200* .924 5 .557 
Cl 1 .242 11 .071 .817 11 .016 
2 .104 34 .200* .978 34 .711 
3 .261 25 .000 .876 25 .006 
4 .210 15 .073 .893 15 .075 
5 .286 10 .020 .796 10 .013 
6 .293 5 .187 .834 5 .149 
7 .248 5 .200* .948 5 .724 
8 .325 5 .091 .766 5 .041 
S 1 .295 11 .008 .748 11 .002 
2 .347 34 .000 .531 34 .000 
3 .214 25 .005 .823 25 .001 
4 .429 15 .000 .404 15 .000 
5 .306 10 .008 .706 10 .001 
6 .253 5 .200* .821 5 .119 
7 .260 5 .200* .861 5 .231 
8 .463 5 .001 .567 5 .000 
Cs 1 .159 11 .200* .949 11 .629 
2 .108 34 .200* .980 34 .763 
3 .118 25 .200* .955 25 .324 
4 .184 15 .185 .854 15 .020 
5 .168 10 .200* .917 10 .335 
6 .201 5 .200* .956 5 .778 
7 .186 5 .200* .938 5 .651 
8 .272 5 .200* .934 5 .624 
a. Lilliefors Significance Correction. 







R-mode (element) Cluster Analysis 
 
Agglomeration Schedule (Method 1) 
 
  Stage 
Cluster Combined 
Coefficients 
Stage Cluster First Appears 
Next Stage Cluster 1 Cluster 2 Cluster 1 Cluster 2 
1 3 10 .000 0 0 5 
2 6 8 .041 0 0 6 
3 1 15 .084 0 0 9 
4 12 18 .174 0 0 14 
5 3 14 .272 1 0 17 
6 6 7 .376 2 0 10 
7 17 19 .493 0 0 13 
8 11 16 .610 0 0 13 
9 1 4 .730 3 0 16 
10 6 13 .903 6 0 15 
11 2 9 1.119 0 0 12 
12 2 5 1.351 11 0 14 
13 11 17 1.604 8 7 16 
14 2 12 1.916 12 4 15 
15 2 6 2.257 14 10 17 
16 1 11 2.751 9 13 18 
17 2 3 3.367 15 5 18 
18 1 2 4.358 16 17 0 


















Stage Cluster First Appears 
Next Stage Cluster 1 Cluster 2 Cluster 1 Cluster 2 
1 3 14 .000 0 0 5 
2 7 12 .047 0 0 6 
3 1 10 .102 0 0 7 
4 18 19 .199 0 0 11 
5 3 9 .314 1 0 17 
6 7 8 .449 2 0 10 
7 1 4 .592 3 0 16 
8 15 17 .745 0 0 13 
9 11 16 .933 0 0 14 
10 6 7 1.148 0 6 15 
11 13 18 1.396 0 4 12 
12 5 13 1.680 0 11 15 
13 2 15 1.983 0 8 14 
14 2 11 2.306 13 9 16 
15 5 6 2.682 12 10 17 
16 1 2 3.212 7 14 18 
17 3 5 3.789 5 15 18 
18 1 3 4.867 16 17 0 


















Principal Component Analysis 
 
Correlation Matrixa 
 Rblog Thlog Klog Balog Nblog Zrlog 
Correlation Rblog 1.000 .198 .918 .649 .264 .180 
Thlog .198 1.000 .123 -.094 .549 .595 
Klog .918 .123 1.000 .679 .133 .115 
Balog .649 -.094 .679 1.000 -.157 -.240 
Nblog .264 .549 .133 -.157 1.000 .770 
Zrlog .180 .595 .115 -.240 .770 1.000 




KMO and Bartlett's Test 
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. .668 






 Rblog Thlog Klog Balog Nblog Zrlog 
Anti-image Covariance Rblog .127 -.022 -.110 -.048 -.071 .021 
Thlog -.022 .619 .015 -.003 -.064 -.145 
Klog -.110 .015 .135 -.051 .056 -.042 
Balog -.048 -.003 -.051 .417 .031 .094 
Nblog -.071 -.064 .056 .031 .348 -.212 
Zrlog .021 -.145 -.042 .094 -.212 .332 
Anti-image Correlation Rblog .616
a
 -.077 -.839 -.208 -.337 .103 
Thlog -.077 .847
a
 .052 -.005 -.137 -.321 
Klog -.839 .052 .611
a
 -.215 .258 -.199 
Balog -.208 -.005 -.215 .858
a
 .082 .254 
Nblog -.337 -.137 .258 .082 .629
a
 -.623 
Zrlog .103 -.321 -.199 .254 -.623 .634
a
 






 Initial Extraction 
Rblog 1.000 .923 
Thlog 1.000 .632 
Klog 1.000 .912 
Balog 1.000 .800 
Nblog 1.000 .799 
Zrlog 1.000 .838 
Extraction Method: Principal 
Component Analysis. 
 







Total % of Variance Cumulative % Total 
1 2.652 44.198 44.198 2.652 
2 2.253 37.548 81.745 2.253 
3 .505 8.409 90.154  
4 .299 4.984 95.138  
5 .223 3.718 98.856  
6 .069 1.144 100.000  
     
 
Total Variance Explained 
Component 
Extraction Sums of Squared 
Loadings Rotation Sums of Squared Loadings 
% of Variance Cumulative % Total % of Variance Cumulative % 
1 44.198 44.198 2.505 41.751 41.751 
2 37.548 81.745 2.400 39.994 81.745 
3      
4      
5      
















Rblog .882 -.380 
Thlog .527 .595 
Klog .829 -.474 
Balog .524 -.725 
Nblog .585 .676 
Zrlog .541 .739 
Extraction Method: Principal 
Component Analysis. 










Rblog .932 .233 
Thlog .058 .793 
Klog .947 .126 
Balog .856 -.259 
Nblog .055 .892 
Zrlog -.018 .915 
Extraction Method: Principal 
Component Analysis.  
 Rotation Method: Varimax with 
Kaiser Normalization. 






Component 1 2 
1 .795 .607 

























Raw Hand-Held XRF Data (see attached CD/excel document) 
